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Abstract

Molecular and Physiological Evolution of the Chemosensory Systems
in a Mustard-Feeding Drosophilid Fly

By
Hiromu Suzuki
Doctor of Philosophy in Integrative Biology
University of California, Berkeley

Professor Noah Whiteman, Chair

The remarkable diversity of animal behaviors have long attracted biologists from
different fields. However, the genetic architecture and molecular changes behind the
diversification of these behavioral traits have remained elusive due to technical
limitations, preventing deeper understanding of evolutionary processes of behaviors. My
dissertation work aims to dissect the evolution, genetic architecture, and molecular
basis of behavioral traits using a herbivorous drosophilid fly, Scaptomyza flava, with a
particular emphasis on the evolution of its chemosensory behaviors that are specifically
tuned to the specialized chemicals produced by mustard plants in the order Brassicales.

In Chapter 1, | briefly summarized the historical context and recent trends in the study of
behavioral evolution in animals. | argue that the evolution of chemosensory behavior in
insects provides an excellent model for uncovering the genetic architecture and
molecular basis of behavioral change across lineages. | further introduced S. flava as a
unique system to address such questions that allows us to bridge genomic and
functional approaches by leveraging the power of model organisms in genetics, the
vinegar fly Drosophila melanogaster and the model mustard Arabidopsis thaliana.

In Chapter 2, | investigated transcriptional evolution in the chemosensory organs, in the
genus Scaptomyza with a particular emphasis on six major insect chemosensory gene
families. | conducted a comparative bulk RNA-sequencing between S. flava and its
microbe-feeding relative, S. pallida, and searched for genes experiencing larger
expression divergence between species as candidates behind chemosensory evolution.



This approach successfully illuminated evolutionary patterns across gene families and
narrowed down the candidates that provide insight into specific sensory changes aided
the colonization of Brassicales host plants.

In contrast to the exploratory analyses in the previous chapter, Chapter 3 conducted a
detailed investigation on a single gene and its products, TrpA1, which encodes a
chemosensory ion channel detecting electrophilic toxins, including mustard-derived
isothiocyanates (ITCs). Again, | took a comparative approach between the
mustard-feeding S. flava and the microbe-feeding relatives to address how the
functional evolution of TRPA1 has been intertwined with the dietary and chemosensory
evolution among the drosophilids. | integrated multiple experimental approaches
spanning from genomics and genetics to electrophysiology, and found that the reduced
chemical sensitivity of the TRPA1 channel and the modified composition of alternatively
spliced isoforms were likely two major molecular changes behind the weak avoidance
toward ITCs in the S. flava lineage. However, | also found that the TRPA1 activity from
the distantly-related generalist D. melanogaster was even weaker than S. flava, despite
the strong behavioral aversion to ITCs, suggesting that the evolutionary relationship of
the TRPA1 channel function and the gustatory preferences is more complicated than it
seems, and requires careful investigations on multiple characteristics of the gene.
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Chapter 1. Introduction: The genetic basis of chemosensory evolution in
insects.

Abstract

Behavioral evolution has long gained attention from biologists from several fields, but
its genetic architecture has been elusive due to technical limitations in a vast majority of
“non-model” organisms. However, recent innovations in genome sequencing and
genome editing technologies have opened the door for addressing this question for a
wide array of organisms with unique behavioral phenotypes. In this chapter, | briefly
summarized recent efforts on the genetic dissection of behavioral variations, with a
particular emphasis on chemosensory evolution in insects. | further introduce a
mustard-feeding drosophilid fly, Scaptomyza flava, as a model system of chemosensory
evolution with its unique strengths and challenges.

A new era of behavioral evolution studies

Evolution of behavioral traits of animals — courtship, communication, sociality etc. -
have gained massive attention from biologists since Charles Darwin (Ekman 2009).
Ecologists and evolutionary biologists since the 20th century have succeeded in
revealing ultimate causes (per Niko Tinbergen's criteria; (Tinbergen 1963)) and
evolutionary processes of certain evolutionary traits based on behavioral observations
and comparative approaches across lineages. One of the emerging trends in this vein is
the application of genomic and genetic tools to understand the molecular basis of
behaviors across taxa, which potentially allows to track evolutionary dynamics of
behavioral traits at a higher resolution.

Historically, discoveries on the cellular and genetic basis of behavior have been
achieved by geneticists and neurobiologists, which successfully built a public notion
that a certain fraction of behavioral traits are encoded by genetic factors (e.g., (Konopka
and Benzer 1971; Dudai et al. 1976; Osborne et al. 1997; Flint 2003; Bendesky and
Bargmann 2011)). However, most of those work were performed on a limited number of
genetically tractable so-called “model organisms”, such as mouse (Mus musculus), fruit
fly (Drosophila melanogaster), and nematode (Caenorhabditis elegans), which are
distantly located to one another on a species tree. Although such studies uncovered
basic principles of nervous systems across animals, they were essentially helpless on
understanding how behavioral differences between lineages arose during evolution. On
the other hand, evolutionary biologists mostly worked on “non-model” organisms with
unique behavioral traits where virtually no genetic information or tools were available.
These gaps between the fields have prevented the understanding of behavioral
evolution at the molecular level for decades (Jourjine and Hoekstra 2021) .
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However, recent technological innovations have been changing the game. One of
them is the advancement of nucleotide sequencing technology. Two decades after the
first report of the whole genome sequence of Homo sapiens (Lander et al. 2001),
achieved by a thirteen-year effort solely dependent on Sanger sequencers, it has
become extremely easier and cheaper to get a whole draft genome sequenced for any
given species, generally within a week (Goodwin et al. 2016). Current standards are
high-throughput short-read sequencers (e.g., lllumina NovaSeq/HiSeq series) and
long-read sequencers (e.g., Pacific Biosciences, Oxford Nanopore Technologies),
combined with bioinformatic genome assembling softwares. Another factor is the
development of genome editing tools, including CRISPR/Cas9 (Doudna and Charpentier
2014; Jiang and Doudna 2017). Although other genome editing tools have been
developed in the more distant past, such as ZFN or TALEN, the CRISPR/Cas9 system
allows genome editing of any genomic sequence of any organisms through a relatively
simple experimental protocol. This tool revolutionized the study of a number of fields in
biology. Taken together, these technologies have revolutionized the study of behavioral
evolution by potentially allowing the genomic scan to identify candidate genes and the
modification of the candidate genes (or cells) in virtually any organisms.

Insect chemoreception as a model of behavioral evolution studies

Insects are the most species-rich group in animals, and the diversity and intricacy of
behavioral traits across lineages — feeding, mating, migration, and social structures -
has been attracting the attention of many biologists. Because of the high dependence
on environmental chemical cues and the variation of ecological niches, chemosensory
behavior has diverged across lineages thus has been an appealing study target. In this
section, | briefly summarize the history of the studies of insect chemosensory evolution
from the genetic perspectives, latest achievements, and future directions of the field.
Our knowledge on the relationships between genes and behaviors in insects has
been traditionally developed by classic genetic works using Drosophila melanogaster.
Isolation of behavioral mutants and subsequent genetic clonings successfully identified
genes underlying fly behavior, with famous examples like period (circadian rhythm;
(Konopka and Benzer 1971; Jackson et al. 1986)), dunce (associative learning; (Dudai et
al. 1976)), foraging (feeding activity; (Osborne et al. 1997)), and satori/fruitless
(courtship; (Ilto et al. 1996)). Despite these rich experimental resources, however,
genes/molecules underlying chemosensory detection in the flies had been elusive for a
long time, because of the lack of mutants with suitable phenotypes. This situation
changed when the whole genome of D. melanogaster was sequenced (Adams et al.
2000). Prior to this report, vertebrate odorant receptor gene families were identified in
the mouse genome, which encoded G-protein coupled receptors (GPCRs) with a
seven-transmembrane domain (Buck and Axel 1991). Taking advantage of this
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discovery, several teams took a computational approach to search for sequences in the
D. melanogaster genome encoding similar seven-transmembrane structured proteins,
and successfully identified insect olfactory receptor (Ors) and gustatory receptor (Grs)
gene families expressed in chemosensory organs of flies (Clyne et al. 1999; Vosshall et
al. 1999; Clyne et al. 2000; Kim et al. 2000; Scott et al. 2001; Robertson et al. 2003).
Subsequent work further discovered architectures of fly chemosensation, such as a
singular gene expression of Ors in olfactory neurons and the presence of olfactory
co-receptor, ORCO (Larsson et al. 2004), detection of sugars via GRs (Dahanukar et al.
2007; Jiao et al. 2007; Jiao et al. 2008; Fujii et al. 2015), and another class of
chemosensory receptor, ionotropic receptors (IRs) (Benton et al. 2009), taking
advantage of the wealth of genetic tools and the binary expression system available in
D. melanogaster. All these findings on the principles of D. melanogaster chemosensory
systems have been founded on the whole genome sequence.

What about the evolution of chemosensory systems? Again, genomes paved the
way forward. In 2007, whole genome sequences of 11 species in the genus Drosophila
were reported (Drosophila 12 Genomes Consortium et al. 2007), which subsequently
spurred the comparative analyses of genomic components and molecular evolution
across fly lineages (Makino and Kawata 2012). In the context of behavioral evolution,
Drosophila sechellia has been a focus of attention for many biologists. D. sechellia is an
endemic species in the Seychelles archipelago diverged from D. simulans lineage
approximately ~0.24 million years ago (Garrigan et al. 2012). Unlike the generalist sister
species like D. simulans and D. melanogaster, D. sechellia exclusively feeds and
reproduces on the ripe noni fruit, Morinda citrifolia, enriched with toxic organic acids and
methyl esters that attracts D. sechellia but repels other generalist species (Auer et al.
2021). This drastic shift in chemosensory preferences between sister species offers
one of the most ideal platforms of comparative analysis of behavioral evolution.
Seminal work on this topic were (McBride 2007) and a subsequent paper by (McBride
and Arguello 2007), where the authors found rapid loss of olfactory and gustatory
receptor genes in D. sechellia by thorough genomic scans and comparisons between
species (although this gene loss might also be confounded by small effective
population size of island species; (Gardiner et al. 2008)). At the same time, (Matsuo et
al. 2007) investigated the genetic basis of host preference for noni fruits through hybrid
crosses between D. melanogaster and D. sechellia and behavioral assay, and
successfully identified that the locus near two odorant-binding protein genes, Obp57d
and Obp57e, underlie their species-specific preferences to noni-derived odors. This
research demonstrated that chemosensory gene families were indeed one of the key
drivers of behavioral evolution in D. sechellia. Fueled by these findings, genetic basis of
chemosensory evolution across drosophilids has been actively studied in
comprehensive genus-wide analyses (Sdnchez-Gracia et al. 2009; Almeida et al. 2014)
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or with a particular focus on ecological specialists like the fruit-feeder D. suzukii
(Karageorgi et al. 2017; Dweck et al. 2021) or the cactus specialist D. mojavensis (Diaz
et al. 2018; Khallaf et al. 2020). In parallel, research on D. sechellia has also been
progressed since then (Shiao et al. 2015; Prieto-Godino et al. 2016; Prieto-Godino et al.
2017; Auer et al. 2020; Alvarez-Ocafia et al. 2023). Most of these studies focused on
chemosensory receptors like ORs or IRs and revealed their functional significance on
the specialization onto the noni fruits. Notably, Auer et al. (2020) applied
CRISPR/Cas9-mediated introduction to precisely swap an olfactory receptor gene in D.
sechellia genome, Or22a, with its orthologous copy from D. melanogaster, and
demonstrated that the chemical tuning of OR22a underlied species-specific preference
for noni fruits. This type of causational, not correlational, analysis of chemosensory
evolution will make a new standard for future studies, which will provide us deep
understandings of how genes manipulate nervous systems and behavioral output.

Advancement of chemosensory evolution research in Drosophila also spurred the
investigations on other insect lineages. Within a decade after the first D. melanogaster
genome report, reference genome sequences from other insect species started to be
sequenced, including malaria mosquito (Holt et al. 2002), silkworm moth (Mita et al.
2004), honeybee (Honeybee Genome Sequencing Consortium 2006), and red flour
beetle (Richards et al. 2008), to name but a few. Although insect chemosensory genes
are generally fast-evolving, they still retain similar protein sequences and structures
across lineages, thus they can be easily identified by a series of bioinformatic pipelines.
As genome and transcriptome data have accumulated over the years, chemosensory
genes have also been identified in multiple different lineages. As a result, comparisons
of chemosensory gene sequences, family sizes, or expression profiles have become one
of the most prominent research areas in insect behavioral evolution studies (Benton
2015; Robertson 2019).

However, our understanding of chemosensory gene functions — namely, what
exact chemical ligands they interact with and how those relationships changed over
evolutionary times — has largely fallen behind, primarily because common approaches
on chemoreceptor deorphanization are time-consuming and only allows investigating a
limited number of receptor/ligand combinations. For example, single-sensillum
recordings (SSR) combined with Drosophila genetics (i.e., empty neuron system,
(Dobritsa et al. 2003; Hallem and Carlson 2006)) provides a powerful in vivo tool to
isolate a single chemoreceptor and to investigate its chemical responses. SSR can also
be combined with the gas chromatography setup (called GC-SSR) allowing the
simultaneous characterization of bioactive compounds and their receptors, which
successfully deorphanized chemoreceptors in several non-model systems (e.g.,
(McBride et al. 2014; Brand et al. 2020). However, this approach requires
time-consuming fly transgenesis and crosses for several generations, thus is not
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suitable for investigating many chemoreceptors at a time (Fleischer et al. 2018).
Electrophysiology or calcium imaging using cell-based systems offer faster and more
practical options, such as Xenopus oocytes or human cultured cell lines, but their
throughput is not very high either. On top of that, those cell systems lack molecular
agents available in the native neurons or adjacent cells (e.g., OBPs in sensillum lymph)
that might modulate receptor functions, therefore it tends to be difficult to interpret the
results from these in vitro experiments (Fleischer et al. 2018). Gene knockout or
knockdown would also be common approaches when the target genes are not
amenable to in vitro assays, but such experiments are obviously time-consuming and
interpretation can be difficult if the phenotypic changes are subtle. Technical
innovations on chemoreceptor deorphanization tools, such as a large-scale screening of
multiple receptors in a near-native cellular environment, will greatly enhance our
understanding of the consequences of chemosensory gene evolution we have just
started to recognize.

Scaptomyza flava as a model of behavioral evolution studies

The genus Scaptomyza is a lineage within the paraphyletic Drosophila genus that
recently diverged from Hawaiian Drosophila clade (Lapoint et al. 2013). This genus is
characterized by the diversity of its dietary ecology: although most species are
considered microbe-feeders, several lineages evolved into ecological specialists like
flower feeders, mushroom specialists, and predators of spider eggs (Lapoint et al.
2013). One of those extremes is a clade of true herbivores containing 8-10 species,
presumably transitioned from ancestral microbe feeders ca. 10-15 million years ago
(Lapoint et al. 2013; Katoh et al. 2017; Peldez et al. 2022). This transition to herbivory
occurred much more recently compared to the origins of major herbivorous insect
clades (e.g., Lepidoptera, many phytophagous Coleoptera), offering an ideal platform to
uncover the molecular basis underlying the evolution of herbivory, a key trait behind the
massive diversification of arthropods (Wiens et al. 2015).

One of the representative species in the herbivorous Scaptomyza clade, called
Scaptomyza flava, offers a few special benefits in the research of chemosensory
evolution. First, S. flava is an obligate specialist herbivore of the plants in the mustard
family, Brassicaceae, including the genetic model plant Arabidopsis thaliana (Whiteman
et al. 2011). Female S. flava uses its cutting ovipositor to create “feeding punctures” on
the surface of host plant leaves to consume plant exudates (Whiteman et al. 2011).
Females also occasionally deposit the eggs inside the leaf tissues so its offspring can
spend the entire larval stages as a leaf-miner, which confers not only food sources but
protection from desiccation and parasitoid attacks in nature (Whiteman et al. 2011).
Such high dependence on the mustard host plants implies that both larval and adult S.
flava frequently encounter defensive chemicals of the mustards. Because
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phytochemistry of the Brassicales, and most notably that of A. thaliana, has been
intensively studied (Brown et al. 2003), it is relatively easier to narrow down ecologically
relevant compounds for S. flava with which their chemosensory proteins might interact,
compared to herbivores on the non-model plants or microbe-feeders. Arabidopsis also
offers numerous mutant lines including the ones with defects on phytochemical
productions, allowing the precise manipulation on the host phenotype to investigate the
behavioral responses of S. flava (Whiteman et al. 2011), which is not possible in other
specialized drosophilids like D. sechellia or D. suzukii. Second, being closely related to D.
melanogaster is another major advantage, primarily due to the vast array of knowledge
on its chemosensory behavior. For example, expression profiles and ligands of most D.
melanogaster chemoreceptors (especially for ORs; (Miinch and Galizia 2016)) have
been previously identified, and such information can be used to extrapolate the ligands
of unknown chemoreceptors in S. flava as a starting point. Most behavioral experiments
developed from D. melanogaster can be applied in S. flava and other sister drosophilids,
which is useful for comparative analyses. These characteristics make S. flava a unique
system to address evolutionary changes in the chemosensory systems accompanying
the drastic shift to herbivory. Indeed, some of those changes in S. flava have been
uncovered in the previous studies, such as the loss yeast-sensing olfactory receptors
(Goldman-Huertas et al. 2015) and the gain of olfactory receptors detecting
isothiocyanates, defensive compounds specific to the Brassicales (Matsunaga et al.
2022).

There are also several challenges in using S. flava as a model system. The
biggest one is the difficulty of applying genome editing tools. Common approaches for
CRISPR-mediated transgenesis in drosophilids require microinjection into early-stage
embryos. However, due to the peculiar reproductive ecology of S. flava laying eggs deep
inside the leaf tissue (Whiteman et al. 2011), it is extremely difficult to collect a
sufficient number of eggs for microinjection. Transgenesis through direct adult injection
of Cas9 ribonuclease has been developed and applied in multiple insect species
(Chaverra-Rodriguez et al. 2018; Shirai et al. 2023), but it was also reported that this
method might not be compatible with drosophilids (Shirai et al. 2023). Moreover,
although S. flava can be maintained in the laboratory using A. thaliana as a host plant,
handling S. flava colony takes much longer than the maintenance of regular drosophilids
using cornmeal vials, which makes it potentially challenging to isolate and maintain
transgenic individuals of S. flava. Despite their unique adaptation and potentials, these
issues still persist and prevent S. flava to be a truly “genetically tractable” system for
behavioral evolution like D. sechellia. Efforts are still warranted to enable transgenesis in
S. flava, and once the issue is resolved, this system will provide far richer opportunities
for understanding the molecular basis of chemosensory evolution, or that of
plant-insect interactions in general. Alternatively, non-transgenic approaches such as
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comprehensive screenings of S. flava chemoreceptors using SSR or comparative
connectomics across species will shed light on the molecular and cellular

underpinnings of behavior evolution from different angles, which would complement
the genetic approaches.



Chapter 2. Comparative transcriptome analysis of chemosensory organs
in the genus Scaptomyza.

Experiments and analyses in this chapter were also contributed by the following
co-authors: Teruyuki Matsunaga, Julianne N. Pelaez, Benjamin Goldman-Huertas, and
Noah K. Whiteman (University of California, Berkeley).

Abstract

Insect chemoreception provides a promising platform to investigate the genetic
underpinnings behind behavioral evolution. Scaptomyza flava is a recently evolved
herbivore nested in the Drosophila lineage that has been gaining attention as an
emerging model system to study this topic. Here, we focused on understanding how
gene expression evolution is associated with the evolution of the chemosensory system
in this lineage. Accordingly, in this chapter, we conducted a series of interspecific
transcriptome analyses between the herbivore S. flava and its related microbe-feeder, S.
pallida, with a particular emphasis on the major six gene families. Our analyses
highlighted general evolutionary patterns across gene families and major expression
divergence of S. flava in two gene families encoding odorant-binding protein (Obp) and
pickpocket (Ppk) proteins. This work provided the full profiles of chemosensory
transcriptomes of the specialist herbivore, and will be a foundation for functional
experiments on the evolution of the chemosensory system in the future.

Introduction

Behavioral traits are often quantitative traits underpinned by complex genetic
architectures (Anholt and Mackay 2004). Given the complexity of the genetic
architecture of a behavioral trait in a single species, it is even more challenging to
understand how genetic variation gives rise to new behavioral traits over deeper
evolutionary timescales, because addressing such questions requires detailed
investigation at the molecular level in multiple species (Bendesky and Bargmann 2011).
Insect chemosensation plays an essential part of innate behaviors important for fitness
such as courtship and feeding, and is therefore an excellent model to study behavioral
evolution. Another reason is that evolutionary shifts in such behaviors can often be
attributed to a few molecules in the peripheral sensory neurons.

A mustard-feeding drosophilid fly, Scaptomyza flava, is a promising model
species to study the molecular basis of chemosensory evolution. Unlike their
drosophilid relatives that are mostly microbe-feeders, both larvae and female adults of
S. flava actively feed on the leaves of their host plants in the order Brassicales, including
the genetic model plant Arabidopsis thaliana, which produce secondary metabolites
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chemically distinct from microbial diets (Whiteman et al. 2011; Aguilar et al. 2024). This
drastic dietary shift evolved ca. 10-15 million years ago (MYA) (Lapoint et al. 2013;
Peldez et al. 2022), making this lineage suitable for a comparative genomics approach
that aims to narrow down the candidate genes underlying the colonization to the
mustards. A well-studied catalog of phytochemicals from the genetic model plant
Arabidopsis thaliana allows straightforward deorphanization of ecologically-relevant
chemoreceptors in S. flava. Although transgenic tools are not available in S. flava yet, its
basic biology is well characterized and the rich functional knowledge in the
chemosensory system of D. melanogaster (diverged ca. 60-70 MYA) allows us to infer
the phenotypic consequences of particular genetic changes along the lineage leading
to S. flava. These characteristics of S. flava provide an ideal model system for the
research of chemosensory evolution in insects.

Integral to insect chemosensation are gene families that encode receptor
proteins or related accessory proteins (Montell 2021). Olfactory receptor (ORs) and
gustatory receptor (GRs) are the two core families that are responsible for the detection
of a wide array of volatile and soluble compounds in insects. While these two receptors
share the structural property with vertebrate chemoreceptors which are G-protein
coupled receptors, insect ORs and GRs compose of a distinct clade of ligand-gated ion
channels that can directly transduce chemical stimuli. ORs in sensory neurons form a
heteromeric ion channel that consists of two protein subunits: One divergent unit that
determines the ligand specificity of the receptor, and another conserved unit called
olfactory co-receptor (ORCO), which is required for trafficking to neural dendrites and
always accompanied to a tuning subunit (Larsson et al. 2004). This functional
modularity of ORs allows for the comprehensive characterization of ligands for each
single tuning OR in D. melanogaster (Miinch and Galizia 2016) and in other species
(Carey et al. 2010; de Fouchier et al. 2017). GRs are mainly in charge of detecting sugars
and nutrients as appetitive or “sweet” tastes, and environmental (mostly plant-derived)
non-volatile toxins as aversive or “bitter” tastes (Montell 2009). Sweet and bitter
compounds are detected by distinct subfamilies within the GRs, in which bitter receptor
gene repertoires substantially vary between species, likely reflecting the diversity of
toxins present in different niches (Robertson 2019). Insects also possess other classes
of chemosensory ion channels, such as ionotropic receptor (IRs), pickpocket (PPKs),
and transient receptor potential (TRPs) families. IRs were derived from another family of
ionotropic glutamate receptors (iGIuR) mediating synaptic transmission. IRs were
originally discovered as another class of odorant receptors for acids and amines, but
later found to be also involved in contact chemoreception of amino acids and salts
(Benton et al. 2009; Croset et al. 2010; McDowell et al. 2022). PPKs are part of the larger
Degenerin/Epithelial Sodium Channel (DEG/ENaC) family found across animals.
Although the exact functions of most insect PPKs remain obscure, some members of
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PPKs are known to be involved in chemoreception in D. melanogaster, such as the
detection of sex pheromone, salt, and water (Liu et al. 2003; Cameron et al. 2010; Liu et
al. 2012). TRPs are a highly conserved cation channel family playing diverse sensory
and non-sensory roles. A few members of TRPs, such as TRPA1 and TRPM, are involved
in sensing noxious chemicals which trigger escaping behavior (Kang et al. 2010;
Himmel et al. 2019). Finally, a family of small secreted proteins, called odorant binding
proteins (OBPs), also play important roles in the sensory transduction (Sun et al. 2018).
OBPs are present in sensillum lymph surrounding sensory neurons, and are generally
thought to mediate the transport of hydrophobic ligands to chemoreceptor proteins in
an aqueous environment (Sun et al. 2018; Schmidt and Benton 2020). Functional
characterization of these six chemosensory gene families have been the central focus
of insect chemosensory research in the past two decades.

Facilitated by the recent innovation of genome sequencing technologies,
evolutionary dynamics of the chemosensory gene families have been investigated in
several insect lineages, which in turn gives insight into the genetic architecture of
behavioral evolution (Robertson 2019). Lineage-specific gene duplications or gene
losses are the most prevalent mode of evolution, especially for the Ors and Grs
(Robertson 2079). In some cases, gene turnover events of those two gene families were
associated with the chemosensory adaptation in ecological specialists (McBride 2007,
McBride and Arguello 2007; Obiero et al. 2014; Goldman-Huertas et al. 2015; Matsunaga
et al. 2022). Evolution of ligand specificity in orthologous chemoreceptors has also
been illuminated in several species, often coupled with the acceleration of evolutionary
rates (e.g., dN/dS) or the identification of amino acid residues underlying ligand tunings
(Prieto-Godino et al. 2017; Yang et al. 2018; Auer et al. 2020; Brand et al. 2020; Li et al.
2023).

In contrast to the two modes of molecular evolution mentioned above,
transcriptional evolution in chemosensory gene families — and how the gene expression
change leads to the novel behavioral output — has been gaining less attention. This lack
of knowledge is because of technical difficulties in current differential expression (DE)
analysis frameworks assuming similar gene expression profiles between samples
compared (Zhou et al. 2019; Price et al. 2022). As a result, applying interspecies
comparisons to this framework yields many false positives due to the differences in
gene lengths and gene expression depths (Zhou et al. 2019; Price et al. 2022). In fact,
the best example in this vein is derived from a within-species comparison of the yellow
fever mosquito, Aedes aegypti, wherein an expression difference in a single Or gene
encoding a receptor for a human-enriched odorant explains the population differences
in host preference for blood-feeding (McBride et al. 2014). Despite the statistical
uncertainty, there have been several attempts to apply DE analyses to cross-species
comparisons in the genus Drosophila, with emphasis on ecological specialists like D.
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sechellia (Shiao et al. 2015) or D. suzukii (Dweck et al. 2021; Wang et al. 2022). Notably,
Dweck et al. (2021) reduced false positives from interspecific DE analyses by taking a
consensus of four different pipelines, which could be easily applicable to other pairwise
comparisons. A recent study further expanded the analysis to a phylogenetic scale
containing 5-6 species by treating TPM (transcripts per million, (Wagner et al. 2012))
values of orthologous genes as continuous trait values (Bontonou et al. 2024). All of
these past studies successfully illuminated the candidate genes underlying
chemosensory evolution in drosophilids, highlighting gene expression divergence as a
promising mechanism of behavioral evolution.

Previous researches on S. flava convincingly showed that chemosensory gene
families indeed played major roles in behavioral evolution via gene losses
(Goldman-Huertas et al. 2015), gene gains (Matsunaga et al. 2022), and acceleration of
protein evolution (Peldez et al. 2023). However, contributions of gene expression in
these families have not been investigated yet. In this chapter, we hypothesized that the
chemosensory evolution in the herbivorous S. flava lineage has been partly driven by the
transcriptional evolution of the chemosensory gene families, and under this
assumption, we comprehensively searched for the candidate genes that might have
contributed to the ecological adaptation of S. flava via gene expression changes. Our
basic strategy was to conduct bulk RNA-sequencing in S. flava and its closest
microbe-feeding relative with a reference genome, S. pallida, to perform interspecific
comparisons of transcriptome profiles. To thoroughly capture chemosensory gene
expressions, we sequenced samples from both sexes and four major chemosensory
organs of the adult fly: Antenna, maxillary palp, labellum, and tarsus (Fig. 1A). Antenna
and maxillary palp are primarily olfactory organs, while labellum and tarusi are
considered gustatory organs. Using these RNA-seq datasets, we conducted three
different types of interspecies comparisons of gene expression: 1) RPM (reads per
million)-based analyses of gains/losses of chemosensory gene expression, 2)
RPM-based comparisons of gene expression parameters, Euclidean distance and tau
(t), a parameter of spatial expression specificity (Yanai et al. 2005), between
orthologous chemosensory gene pairs, 3) Count-based DE analyses of targeting the
entire gene set. These complementary approaches together highlighted key candidate
genes, or important characteristics of the genes, that could have facilitated the
chemosensory evolution in this charismatic fly lineage.

Materials and methods

Fly strains. The S. flava lab colony was originally established from >150 wild larvae
collected from Dover, NH (USA) in 2008. The colony was maintained in cages containing
A. thaliana Col-0 strain as larval and adult food source at 20-21°C and 60% humidity in a
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walk-in environmental room on a 12L:12D cycle. The S. pallida lab colony was an
isofemale line established from a wild isofemale fly line collected at the University of
California, Berkeley campus (CA, USA) in 2017. The colony was reared on organic
spinach (purchased at Trader Joe's, CA, USA) placed on top of regular cornmeal media
purchased from UC-Berkeley Fly Food Facility. Other rearing conditions were identical to
those of the S. flava colony.

Sample collection. Newly emerged flies of each species were collected from the
cages/vials soon after the eclosion and kept in humidified vials containing 10% honey
water, aiming to minimize their larval food differences. 3-10 day-old flies were
anesthetized on CO, and each chemosensory organ was hand-dissected using razors
and forceps as described below: For antennae, second and third antennal segments
(including arista) were carefully removed by fine forceps. Maxillary palps were also
collected by fine forceps, and labella were collected after the maxillary palp removal to
avoid cross-tissue contamination. Tarsal segments were removed by razors from all six
legs and pooled together. Dissected tissues were directly collected in LB+TGA lysis
buffer from Reliaprep RNA Tissue Miniprep System (Promega, USA) and crushed using
Biomasher Standard homogenizer (Takara Bio Inc., USA) in a dry ice ethanol bath.
Sample lysates were stored in -80°C freezer until subsequent RNA extraction.

RNA extraction and bulk RNA-sequencing. Approximate numbers of individuals pooled
for a single replicate were 200-300 for antennae, 100-120 for maxillary palps and labella,
and 70-75 for tarsi. Total RNA were extracted from the lysates using ReliaPrep RNA
Tissue Miniprep System (Promega, USA) according to the manufacturer’s protocol, and
quantified using Qubit RNA High Sensitivity kit (Thermo Fisher Scientific). Extracted
RNA samples from antennae were subsequently processed into cDNA libraries using
KAPA RNA HyperPrep Kit (Roche Sequencing) at Functional Genomics Laboratory at UC
Berkeley. Labellar and tarsal samples were prepared by HS according to the
manufacturer's protocol. Maxillary palp RNA samples suffered from low RNA yields,
therefore we employed low-input library prep methods (SMART-seq) which were
performed at Functional Genomics Laboratory at UC Berkeley. All samples were
sequenced on NovaSeq 6000 platforms (lllumina, USA) for 150bp paired-end reads.

Gene annotation and read mapping. We used previously reported reference genome
assemblies for S. flava (Peldez et al. 2023) and S. pallida (Kim et al. 2021) for
subsequent bioinformatic analyses. Although gene annotations for the two reference
genomes were produced previously, we noticed that there are several occasions in
which CDS structures and gene boundaries were incorrectly identified in these initial
annotations. Therefore, we began our bioinformatic pipeline by updating CDS
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annotations by the novel gene prediction using the latest RNA-sequencing data and the
manual inspection (Fig. 1C). We first filtered raw RNA-seq reads using Fastp v0.21.0
(Chen et al. 2018), and mapped the clean reads on respective reference genomes using
STAR v2.7.1a (Dobin et al. 2013) to generate multiple alignment (BAM) files. Next, we
ran BRAKER v2 (Hoff et al. 2016; Briina et al. 2021) to generate new gene annotation
files (.gtf) using two different inputs in parallel; whole protein sequences from D.
melanogaster genome v6.45, and our newly generated BAM files from respective
Scaptomyza species. Protein-derived and BAM-derived annotations achieved
comparable gene coverages (i.e., percentages of complete BUSCO genes were 97.2% in
protein-derived and 97.0% in BAM-derived annotation in S. flava), but some genes were
still missed out in one of the two annotation types. To complement those lacks, we
used GffCompare v0.11.2 (Pertea and Pertea 2020) to merge the two annotation types
to create a single annotation file that has the best gene coverage. At this point, however,
we recognized that some genes were still incorrectly annotated, particularly at
translation start sites and exon-intron boundaries. Since our main interest was gene
expression of chemosensory genes, we manually inspected the annotations of six
major chemosensory gene families (i.e., Or, Gr, Ir, Obp, Ppk, and Trp) to correct their gene
coordinates if necessary by referring to previously used gene models (Peldez et al.
2023) and BAM files (Fig. 1C). We used these manually corrected annotations for
subsequent conversion of read alignments into count data using HTseq v0.9.1 (Anders
et al. 2015).

Orthology inference. We performed reciprocal BLASTN searches using the whole CDS
sets of S. flava and S. pallida to identify 1:1 orthologous relationships between species
using manual Python scripts, resulting in 10,439 orthologous gene pairs. Genes
experienced lineage-specific duplications were retained in the orthologue set as long as
its counterpart was correctly identifled and formed a best-hit pair that did not overlap
with any other pairs (i.e., paralogues tied to the same gene with lower
e-values/bitscores were omitted from the list). Using this dataset, we conducted
principal component analysis (PCA) to visualize similarities among samples using
prcomp package in R v4.2.1. Note that we used this 1:1 orthologue datasets for PCA
and DEG analyses, while we included duplicated genes in the gene expression
heatmaps and the computation of gene expression parameters.

Expression heatmaps, analysis of expression gains/losses. Count data were converted

to RPM by normalizing the counts with the number of total reads mapped on all
annotated genes for each sample, and transformed to the Log, scale. We associated
gene expression data to each chemosensory gene using a manual Python script, and
visualized the gene expression levels using pheatmap package in R v4.2.1. Genes
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experienced recent lineage-specific duplications (i.e., either in the herbivorous
Scaptomyza or the S. pallida lineage) were identified in Pelaez et al. (2023), and such
genes were highlighted on the heatmaps. Based on these datasets, we also counted the
number of genes with sufficiently high expression (i.e., Mean(Log2[RPM+1]) > 1) and the
proportions out of the entire gene family in each tissue.

Expression_divergence metrics. We used two different pairwise metrics of gene
expression divergence, Euclidean distance (Liao and Zhang 2006) and tissue expression
specificity, tau (1) (Yanai et al. 2005). The former provides a simple geometric distance
between two profiles, while the latter takes into account an expression heterogeneity
among tissues for a given gene. Here, we used log-transformed gene expression values
(i.e., log,[RPM+1]), and treated male and female organs as different “tissue” to take into
account sex-specific gene expression. Calculation of Euclidean distance was based on
average expression levels of three replicates in each tissue, while in T each replicate
was considered separately to incorporate within-sample heterogeneity into the metrics.
Variations in the two parameters among gene families were analyzed by Kruskal-Wallis
test, followed by post-hoc tests using Dunn’s test with Benjamini-Hochberg correction.
Differences between single-copy and duplicated genes were tested by Wilcoxon rank
sum test. Both tests were performed in Rv4.2.1.

Differential gene expression analyses. Cross-species differential expression (DE)
analysis is statistically underdeveloped and intrinsically suffers from a high rate of false

positives. To address this issue, we employed three independent DE analysis pipelines
and took the consensus of all three to narrow down more plausibly differentially
expressed genes (DEGs) (Fig. 1B), referring to a similar strategy used in (Dweck et al.
2021).

To search for differentially expressed genes from 10,439 orthologous gene pairs,
we leveraged three differential expression analysis software programs: DESeq2 (Love et
al. 2014), edgeR (Robinson et al. 2010), and SCBN + NOIseq (Tarazona et al. 2015; Zhou
et al. 2019) (Fig. 1B). SCBN normalizes raw count data by taking the interspecific
differences in gene lengths and gene expression depths designed for cross-species
expression analysis (Zhou et al. 2019). Since SCBN itself does not perform DE analyses,
we input the normalized count data to NOIseq for statistical analysis. To minimize the
chance of getting false positives, genes were filtered with a strict cutoff,
|Log,FoldChange| > 2 and adjusted p-value < 0.001, in order to be designated as DEGs
for each DE analysis pipeline. Only genes that satisfied the DE criteria in all three
pipelines were treated as “true” DEGs for subsequent analysis (Fig. 1B). We then
investigated the overlap between DEGs from a female-comparison and a
male-comparison in a single chemosensory organ to categorize the genes as
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“female-specific”, “male-specific”, and “universal” DEGs (Fig. 1B). We also investigated
and visualized the overlaps of DEGs between the four organs using the Intervene web
platform (Khan and Mathelier 2017). We also performed GO term enrichment analysis

for each DEG category by the topGO package using the “elim” algorithm (Alexa 2006).
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Figure 1. Analytical frameworks of Chapter 2. (A) A female S. flava highlighting the four chemosensory organs
targeted in this study (i.e., antenna, maxillary palp, labellum, and tarsus). Tarsal samples were derived from all six legs
of adult flies. (B) Identification of differentially expressed genes (DEGs) in this study. We first conducted
interspecies/same-sex DEG analysis using three pipelines (i.e., DESeq2, edgeR, and SCBN/NOlseq), took the
consensus, and treated those genes as “true” DEGs in a given comparison. Subsequently, we compared the repertoire
of DEGs between sexes to identify “sex-specific” and “universal” DEGs in an organ. (C) Bioinformatics pipeline of this
study (see Methods section for more information).
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Results

Broad gene expression patterns in PCA plots. We sequenced 48 samples in total (i.e.,
16 categories (2 species/2 sexes/4 organs) with 3 biological replicates for each).

Principal component analysis (PCA) for 10,439 genes with 1:1 orthologous gene pairs
revealed that the samples were roughly clustered by organs of origin, especially for
labellum and tarsus (Fig. 2A, 2B). The first principal component (PC1) generally
separated the clusters of antenna, labellium/tarsus, and maxillary palps, whereas the
second principal component (PC2) separates S. flava or S. pallida-derived samples (Fig.
2A). The third principal component (PC3) roughly explains the difference between
olfactory (antenna and maxillary palp) and gustatory organs (labellum and tarsus) (Fig.
2B). Antennal samples were rather scattered around the plot in which male S. pallida
samples appear as outliers in the lower right of Fig. 2A. We hypothesize that this pattern
could be attributed to the differences in sample collections and library prep procedures
and does not necessarily reflect real biological differences. Therefore, our results from
gene expression analysis in antennal samples should be interpreted somewhat
cautiously with respect to S. pallida.

Species Sex Organ
@ S fava QO Female Antennae Labella
A S. pallida O Male Maxillary palp Tarsus

304

PC2 (12.5%)
PC3 (11.5%)

-30

-100

604
50 100 150 -150 -100 -50

50 100 150

0 0
PC1 (41.8%) PC1 (41.8%)

Figure 2. PCA plots for chemosensory transcriptomes of S. flava and S. pallida. (A) A plot for PC1 and PC2 axes. (B)
A plot for PC1 and PC3 axes. Values in brackets show percentages of variance explained by each principal
component.
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Chemosensory gene expression atlas. We next visualized the expression levels of all
annotated chemosensory genes in heatmaps to get a better view of expression
divergence between species. Despite several clade-specific gene gains or losses across
the phylogeny (Peldez et al. 2023), general expression profiles of chemosensory gene
families were largely conserved, because the numbers of sufficiently expressed genes
(i.e., log2(RPM+1) > 1) in each organ, or the proportions of those genes, were fairly
comparable between species (Table 1A, 1B). A few exceptions to this pattern were Grs
expressed in maxillary palp and labellum, where a higher proportion of genes were
expressed in S. flava (Table 1B). However, some maxillary palp samples exhibited
strange heterogeneity in gene expression potentially indicating contamination from
labellar samples (e.g., Fig. 2B). Thus, some results from our maxillary palp analysis
should be taken cautiously.
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Figure 3. Gene expression atlases for chemosensory gene families. (A-E) Log-transformed RPM values are plotted
as heatmaps for (A) Olfactory receptor (Or), (B) Gustatory receptor (Gr), (C) lonotropic receptor (Ir), (D)
Odorant-binding protein (Obp), (E) Pickpocket (Ppk) and Transient Receptor Potential (Trp) gene families. Three
biological replicates were sequenced for each sex/organ/species. Pale-colored bars at the top indicate sexes of the
samples (i.e., Pale red: female, Pale blue: male). Genes experienced a recent lineage-specific duplication event were
highlighted in colored gene names (Green: S. flava-specific or herbivore-specific gene duplication, Purple: S.
pallida-specific duplication. Information on gene gains and losses were taken from (Peldez et al. 2023))).
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(A)

S. flava S. pallida

Family total Antenne Max. palp | Labellum | Tarsus total Antenna Max. palp | Labellum | Tarsus

F M F M F M |F M F M F M F M F M
Or 62 39| 40 19 21 3 7 2 4 67 45| 43 16 15 0 4 8 5
Gr 44 14| 13 21 191 31| 31 16 14 56 13 7 5 41 21 25| 19 18
Ir 44 18 19 8 8| 13| 16| 19| 20 52 19| 19 9 9 8 91 22| 17
Obp 33 22 21 24 23| 20| 20| 21 23 41 26| 23 16 221 19| 25| 22| 22
Ppk 30 8 9 12 131 11| 11 14| 13 32 9 6 7 6 7 6| 14| 13
Trp 13 11 10 8 8 7 91 11 10 13 11 7 6 6| 10 9
(B)

Difference in %expressed genes
Family | Antenna Fl\)ﬂaallglllary Labellum Tarsus
F |M™ F [M F [M F M

Or 0.043 0.003 0.068 0.115 0.048 0.053 0.087 0.01
Gr 0.086 0.17 0.388 0.36 0.33 0.258 0.024 0.003
Ir 0.044 0.066 0.009 0.009 0.142 0.191 0.009 0.128
Obp 0.033 0.075 0.337 0.16 0.143 0.004 0.1 0.16
Ppk 0.015 0.113 0.181 0.246 0.148 0.179 0.029 0.027
Tp 0 0.154 0.077 0.077 0.077 0.231 0.077 0.077

Table 1. Numbers and proportions of expressed chemosensory genes. (A) Numbers of sufficiently expressed genes
(i.e., log2(RPM+1)>1) across the four chemosensory organs in S. flava and S. pallida. (B) Interspecific differences in
the proportion of expressed genes at each category. Tissue/gene family with top 5 differences are highlighted in blue.
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Expression divergence in orthologous pairs. We further addressed whether and to what
extent the pattern of gene expression divergence in an orthologous pair varies between
gene families or history of recent gene duplications. Here, we used two quantitative
metrics, Euclidean distances (Liao and Zhang 2006) and differences in tissue specificity
index, tau (1) (Yanai et al. 2005), which we called AT, to quantitatively analyze
expression differences between species. The former provides a simple geometric
distance between two profiles, while the latter takes into account an expression
heterogeneity among tissues for a given gene.

Comparisons of Euclidean distance revealed that Obps are the only gene family
that stood out of all other families (Fig. 4A), while interspecific differences in tissue
specificity (At) were highest among Ppks (Fig. 4C). These inconsistencies between
metrics likely arose from the fact that Euclidean distance was not necessarily
normalized by absolute expression levels, which fluctuated in genes with higher overall
expression, like Obps. Although lacking statistical significance, the Ppk and Obp gene
families ranked the second highest group for Euclidean distance and AT, respectively
(Fig. 4A, 4C). On the other hand, we did not find significant differences in these metrics
between single-copy and duplicated gene pairs (Fig. 4B, 4D). Overall, our analysis
highlighted the variability of evolutionary dynamics of gene expression across gene
families.

Some of the top-ranked genes in At included functionally annotated genes in D.
melanogaster, such as Ppk29 (sex pheromone detection; (Liu et al. 2012; Thistle et al.
2012)), Ppk28 (water detection; (Cameron et al. 2010)), and Ir7c (high salt detection;
(McDowell et al. 2022)). Intriguingly, all of these genes have lost their tissue specificity
in S. flava (i.e., expressed in a wider variety of organs) compared to the microbe-feeding
S. pallida (Fig. 3C, 3E).
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Figure 4. Gene expression divergence in orthologous pairs between S. flava and S. pallida. (A, B) Euclidean distance
plotted for (A) gene families and (B) recent history of gene duplication. (C, D) Pairwise difference in tissue specificity
of gene expression, AT, plotted for (C) gene families or (D) single-copy and duplicated pairs. Analyses of gene
families were only performed for single-copy pairs. Variations among gene families were analyzed by Kruskal-Wallis
test, followed by a post-hoc test using Dunn’s test with Benjamini-Hochberg correction. Letters show the significant
difference between families. Differences between single-copy and duplicated genes were tested by Wilcoxon rank
sum test.
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Interspecific differential expression analysis. A series of DE analysis pipelines
revealed comparable numbers of cross-species DEGs across organs, ranging between

505 in male maxillary palp and 1,454 in male antenna (Fig. 5). We performed GO
enrichment analysis in each group and, as expected, we found significant enrichment of
GO terms related to chemosensation in several comparisons (Table 2). Indeed, many
chemosensory genes were annotated as DEGs in all comparisons. Some genes
appeared as DEGs in more than four sex-specific comparisons, including functionally
annotated genes like 0r67b1, Ir7c, and Ppk23 (Fig. 5). Among the six gene families, the
proportion of genes differentially expressed at least in one comparison was highest in
the Ppk (53.6%), followed by the Obp (45.2%) families (Table 3).
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Figure 5. Differentially expressed genes between S. flava and S. pallida in four chemosensory organs. Venn
diagrams show the numbers of female-specific, male-specific, and sexually universal DEGs in each organ between S.
flava and S. pallida. Chemosensory genes included in each category were highlighted in the boxes below.
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Tissue Sex ID GO Term #Annotated #Significant #Expected p-value

antennae universal G0:0019233  sensory perception of pain 112 7 2.39 0.0099
antennae female G0:0007606 sensory perception of chemical stimulus 252 14 5.59 0.0014
maxillary_palp universal G0:0009593  detection of chemical stimulus 181 11 3.7 0.0012
maxillary_palp universal G0:0009415 response to water 15 3 0.31 0.0032
maxillary_palp universal G0:0007608 sensory perception of smell 164 9 3.35 0.00646
maxillary_palp ~ female G0:0007605 sensory perception of sound 147 10 3.81 0.0048
maxillary_palp ~ female G0:0050953  sensory perception of light stimulus 90 7 2.33 0.00863
maxillary_palp ~ female G0:0030534  adult behavior 264 14 6.84 0.00867
maxillary_palp male G0:0050909 sensory perception of taste 73 5 1.25 0.00806
maxillary_palp  male G0:0007619  courtship behavior 107 6 1.83 0.0099
labella male G0:0009593  detection of chemical stimulus 181 11 3.31 0.00047
labella male G0:0009636 response to toxic substance 461 18 8.43 0.00187
tarsi female G0:0007600 sensory perception 582 15 7.34 0.0063
tarsi male G0:0040040 thermosensory behavior 20 3 0.44 0.00905

Table 2. Significant GO term enrichments in interspecific DEGs. GO terms associated with sensation or behavioral
traits were listed. Terms related to chemoreception were highlighted in blue.

Family #Total ort.hologous #Pairs with DE irT at least % DEGs
pairs one comparison

Or 51 18 35.3
Gr 44 13 29.5
Ir 35 13 37.1
Obp 31 14 45.2
Ppk 28 15 53.6
Trp 13 4 30.8

Table 3. Numbers and percentages of DEGs in the six chemosensory gene families. GO terms associated with
sensation or behavioral traits were listed. Terms related to chemoreception were highlighted in blue.
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Patterns of universal DEGs across chemosensory organs. Interspecific DEGs shared
between sexes, which we call “universal DEGs”, are more likely associated with the

differences between mustard-feeders and microbe-feeders, and are likely decoupled
from sex-specific behavior or physiology. We found that several chemosensory genes
categorized as universal DEGs in two different organs, including ones previously named
in other analyses (e.g., 0r67b1, Ir7c, Ppk23) (Fig. 6A). No chemosensory genes were
differentially expressed in more than three organs (Fig. 6A), although some genes still
showed up as sex-specific DEGs.

UpSet plot showed that the majority of universal DEGs were organ-specific (Fig.
6B). Still, we found 60 genes that were differentially expressed between species in all
organs (Fig. 6B). These highly universal DEGs included neither chemosensory genes nor
chemosensation-related GO enrichment, but there are a few genes that might be
associated with the mustard feeding ecology, such as GstE2, a member of the
Glutathione-S-transferase (Gst) gene family, which was drastically downregulated in S.
flava.
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Figure 6. Universal DEGs in chemosensory organs. (A) A Venn diagram for DEGs in the four chemosensory organs.
Numbers indicate the counts of DEGs in each organ. Chemosensory genes with differential expression in multiple
organs were highlighted with arrows. (B) An UpSet plot for the same dataset visualizing the overlaps of DEGs across
organs.
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Discussion

Chemosensory evolution in insects provides an excellent platform to investigate the
genetic architecture of the evolution of behavioral traits. Here and in this context, we
used an evolutionarily young mustard specialist drosophilid fly Scaptomyza flava as a
model to illuminate key genetic changes underlying chemosensory evolution through
comparative genomics approaches with its microbe-feeding relatives.

Previous works identified six gene families serving a central role in insect
chemoreception, including olfactory receptor (Or), gustatory receptor (Gr), ionotropic
receptor (Ir), odorant-binding protein (Obp), pickpocket (Ppk), and transient receptor
potential (Trp) gene families as key genes driving chemosensory evolution in S. flava
(Goldman-Huertas et al. 2015; Matsunaga et al. 2022; Peldez et al. 2022) and in other
insect species (Robertson 2019).

Additionally in this chapter, we conducted a series of analyses shedding light on
a missing component in previous studies — the evolution of gene expression of the
chemosensory gene families — based on comparisons between S. flava and its
microbe-feeding relative, S. pallida. To mitigate statistical issues inherent to
interspecific gene expression analyses (Price et al. 2022), we conducted multiple
pipelines of DE analysis, in addition to the investigation of expression divergence
between orthologous gene pairs of chemosensory families. These analyses revealed
candidate genes or key gene families likely associated with the adaptation to the
mustard plants in S. flava via the transcriptional evolution.

Expression divergence across chemosensory gene families. Our DEG analysis and
pairwise expression divergence analysis using Euclidean distance and ATt revealed

higher gene expression divergences in the Obp and Ppk families (Figure 4A, 4C; Table 3).
In a previous analysis (Peldez et al. 2023), these two families were characterized by
lower gene turnover rates (i.e., frequencies of gene duplications and gene losses)
compared to canonical chemoreceptor families (e.g., Ors, Grs, and Irs) across the
Scaptomyza phylogeny. It is possible that these two families were under evolutionary
constraint with respect to gene turnover, and instead contributed to chemosensory
evolution via the modification of gene expression. Unfortunately, many candidate genes
from Obps and Ppks remain functionally elusive and it is difficult to associate how their
gene expression evolution is tied to the niche shift in the S. flava lineage.

Expression divergence in recently duplicated genes. Duplicated chemosensory genes
in Drosophila tend to evolve faster than single-copy genes (Gardiner et al. 2008; Almeida

et al. 2014), due to the relaxation of purifying selection and the subsequent positive
selection in some cases. We addressed whether and to what extent this pattern holds
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true for the evolution of gene expression patterns. Our analyses revealed that the
degrees of expression divergence between orthologues were not significantly different
between single-copy and duplicated genes (Fig. 4B, 4D). This result was consistent with
the findings from a phylogenetically informed transcriptome analyses of six Drosophila
species, wherein only 2 out of 85 recently duplicated chemosensory genes gained a
gene expression in a new tissue (Bontonou et al. 2024). These patterns may indicate
that gene duplication events do not necessarily facilitate changes in the evolution of
gene expression in chemosensory genes. In other words, genes deviating from this
pattern might be good candidates contributing to the sensory evolution in the genus
Scaptomyza. One such example is SflaOr98alL4/L5. These two copies were part of the
Or98al clade, which experienced several duplication events in the herbivorous
Scaptomyza lineage (Peldez et al. 2023). While expression of S. pallida orthologue
(SpalOr98al3) was limited to antennae, both of SflaOr98alL4 and L5 copies expanded
into maxillary palps (Fig. 3A). This gain of gene expression might have helped the
evolution of novel behavior via the maxillary palp, such as long-range attraction to or
enhanced feeding by mustard-derived chemicals (Shiraiwa 2008; Dweck et al. 2016; Oh
et al. 2021).

Functionally annotated genes and their potential contributions to the adaptation to
mustards. Several genes highlighted in our gene expression analysis have known

functions/ligands identified in previous studies on Scaptomyza chemosensation and
detoxification. Here, we discuss a handful of promising candidates and potential
scenarios of how they are associated with the life history evolution in S. flava.

Or67b encodes a general odorant receptor detecting several odors/compounds
such as apple cider vinegar and green leaf volatiles (GLVs) in D. melanogaster (Miinch
and Galizia 2016), and this response profile is largely conserved at least in S. pallida
(Matsunaga et al. 2022). In the S. flava lineage, however, Or67b underwent gene
duplication, resulting in three paralogous copies. The drastic shift in the chemical tuning
of the OR67b receptors in S. flava toward volatile isothiocyanates (ITCs), key
compounds characterizing chemical defenses of the Brassicales, likely mediates
odor-driven attraction to their host plants (Matsunaga et al. 2022). Our analyses further
revealed that SpalOr67b is widely expressed in antenna, tarsus, and slightly in maxillary
palp, whereas the three SflaOr67b copies possess strong antenna-specific expression
patterns (although SflaOr67b3 is also slightly expressed in maxillary palps) (Fig. 3A).
This trend of antenna-specific Or67b expression in the S. flava lineage can also be
traced in 1, a parameter of the tissue specificity of gene expression (SpalOr67b: 0.563,
SflaOr67b1: 0.809, SflaOr67b2: 0.757, SflaOr67b3: 0.683). These results might indicate
that the microbe-feeding ancestors of Scaptomyza used OR67b in the legs to sense
chemical cues. However, as S. flava transitioned to the Brassicales and the OR67b
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ligand specificity shifted toward ITCs (Matsunaga et al. 2022), the tarsal expression of
Or67b has been lost because it is no longer ecologically relevant.

The Ir7c gene also encodes a chemoreceptor protein, together with co-receptors
IR25b and IR76b, to detect and mediate aversion to high concentrations of monovalent
salt (e.g., NaCl) (McDowell et al. 2022). While Spalir7c is largely tarsus-specific in
expression, expression of Sflalr7c is elevated in olfactory organs (Fig. 3C). Interestingly,
Ir7c is robustly expressed even in maxillary palp that lacks Ir76b expression (Fig. 3C),
despite the fact that the loss of the IR76b co-receptor entirely eliminated the salt
sensitivity in D. melanogaster (McDowell et al. 2022). Therefore, this expression change
might indicate that IR7c have acquired novel functions, possibly in olfaction, in
combination with other co-receptors like IR8a or IR25b.

Ppk23, Ppk25, and Ppk29 are well known as a set of genes involved in sex
pheromone detection in male D. melanogaster at the onset of courtship behavior (Liu et
al. 2012; Thistle et al. 2012; Toda et al. 2012). Male D. melanogaster have two gustatory
neurons specialized in pheromone sensing, called the F cell and the M cell, which
mediate the detection of female- and male-specific hydrocarbons, respectively. All Ppk
genes mentioned are expressed in the F cell, while at least Ppk23 and Ppk29 are
expressed in the M cell (Liu et al. 2012; Lu et al. 2012; Starostina et al. 2012; Thistle et
al. 2012; Toda et al. 2012). Structures and functions in vertebrate homologs of PPK
channels suggested that proteins in this family tend to form a heterotrimeric ion
channel (Jasti et al. 2007; Harris et al. 2008), which supports the idea that PPK23/25/29
together form a single ion channel in these pheromone-sensing neurons. However,
whether the PPK23/25/29 channel directly senses sex pheromones remains
controversial. As an alternative hypothesis, it is also possible that pheromones were
detected by yet unknown chemoreceptors and the PPK channels only amplify the
excitability of the neurons, as seen in PPK25 channel in Or47b-positive neurons in D.
melanogaster (Ng et al. 2019). Our analyses in S. pallida revealed that all three Ppk
genes are primarily expressed in tarsus, consistent with the knowledge in D.
melanogaster, and Ppk25 also shows some expression in antenna and maxillary palp
(Fig 3E). On the other hand, S. flava drastically expanded the expression of the three Ppk
genes including: 1) increased labellar expression in all genes, 2) expression of Ppk29 in
olfactory organs, and 3) upregulation of Ppk23 in tarsus (Fig. 3F). Potential phenotypic
changes aided by these gene expression evolution would include the involvement of
labellar gustatory neurons in courtship rituals, the detection of novel food-related
compounds via PPK channels, or the signal amplification of pre-existing sensory
neurons. However, it is still difficult to disentangle the consequences of these
expression changes, because Ppks play several different roles in many locations thus
their function remains elusive even in D. melanogaster.
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A total of 60 genes were differentially expressed in all comparisons, which we
called “highly universal DEGs” and did not include any chemosensory genes (Fig. 6A).
This result makes sense considering the difference in the repertoires of chemosensory
gene expression between the four organs (Fig. 3A-E). Some genes might be associated
with the evolution of herbivory in S. flava, such as GstE2 (Fig. 6A). GStE2 is a member of
the large Glutathione-S-transferase (Gst) gene family encoding enzymes involved in the
metabolism of environmental toxins. In fact, S. flava experienced the functional
evolution and the gene duplication in one of the Gst subfamily, which enhanced the
efficiency of detoxification of Brassicale-derived toxins, isothiocyanates (ITCs) (Gloss et
al. 2014). Interestingly, GstE2 gene was dramatically downregulated in S. flava in all
eight DE comparisons, likely indicating that substrates processed by GSTE2 enzyme
were less abundant in the ecological niche of S. flava. Contribution of detoxification
genes in the sensory systems for ligand degradation has been discussed elsewhere
(e.g., (Baldwin et al. 2021)). Gene expression of those detoxification gene families will
need more investigation in the future.

Conclusion

Gene expression evolution of the chemosensory gene families is one essential
mechanism driving behavioral evolution in insects. Here, using the young
mustard-specialist drosophilid fly Scaptomyza flava as a model system, we explored
how and what types of chemosensory genes could influence the evolution of novel
behavior, in comparison with a microbe-feeding relative, Scaptomyza pallida. Our
multiple lines of analyses revealed larger evolutionary patterns, such as the larger
expression divergence in the Obp and Ppk families, and highlighted several promising
candidate genes - including the ones encoding chemoreceptors for salt, sex
pheromone, and mustard-derived toxins — which might have contributed to the
adaptation to the mustard plants. This work laid out a foundation for the functional
validation in the future, which will accelerate our understanding of the molecular
mechanisms of sensory evolution.
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Chapter 3. Alternative splicing of TrpA7 gene contributes to the evolution
of novel gustatory preference in Scaptomyza flava

Experiments and analyses in this chapter were also contributed by the following
co-authors: Julianne N. Pelaez, Diler Haiji, Teruyuki Matsunaga, Ashleigh Suzu Takemoto,
Benjamin Goldman-Huertas, Srivarsha Rajshekar, Gary Karpen (University of California,
Berkeley), Shigeru Saito, Claire T. Saito (Nagahama Institute of Bio-Sciences, Japan),
Makoto Tominaga, Takaaki Sokabe (National Institute of Physiological Sciences,
Japan), Kentaro M. Tanaka, Aya Takahashi (Tokyo Metropolitan University, Japan), and
Noah K. Whiteman (University of California, Berkeley).

Abstract

The genetic changes underlying the evolution of novel behavioral traits remain elusive.
We addressed this question by investigating the molecular basis behind the gustatory
evolution in an exclusive mustard-attacking fly, Scaptomyza flava, and its two related
microbe-feeding species, S. pallida and Drosophila melanogaster. We focused on a
chemosensory ion channel, TRPA1, a primary sensor for pain-inducing chemicals
including mustard-derived toxin, isothiocyanates (ITCs). Our integrative analyses
revealed weaker behavioral aversion toward ITCs, desensitized activity to chemical
stimuli by TRPA1 channels, and enrichment of chemically less-active TRPA1 splice
isoforms in S. flava, all of which together suggested that both protein-level and
expression-level mechanisms drove the gustatory evolution toward ITCs in a
mustard-specialist. However, the chemical sensitivity of TRPA1 was even lower in the
distantly related D. melanogaster, suggesting that TRPA1 underwent a complicated
evolutionary trajectory across the drosophilid flies.

Introduction

Behavioral traits are often coded by complex genetic architecture, thus it remains
elusive at the molecular level how behavioral variation arises or behavior diverges
across lineages (Bendesky and Bargmann 2011). Insect chemosensation provides
appealing windows for addressing such evolutionary questions, because of their
simplicity and modularity of functional units, where the characteristics of a single
receptor often defines the behavioral response to a given stimulus (Montell 2021). The
genus Drosophila has been serving a central role in this field. Accelerated by a wealth of
genomic resource and genetic tools, comparative analyses including several ecological
specialists, such as D. sechellia (McBride 2007; Prieto-Godino et al. 2017; Auer et al.
2020), D. erecta (McBride and Arguello 2007), D. suzukii (Karageorgi et al. 2017; Dweck et
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al. 2021), and D. mojavensis (Diaz et al. 2018; Khallaf et al. 2020), have illuminated the
genetic basis of chemosensory evolution. The latest to this lineup is Scaptomyza flava, a
specialist herbivore of the mustard plants and relatives that produced glucosinolates (in
the order Brassicales). Unlike their microbe-feeding relatives, both larvae and female
adults of S. flava actively feed on leaves of their Brassicales host plants that are
chemically distinct from microbial diets (Whiteman et al. 2011; Aguilar et al. 2024),
suggesting that natural selection posed by plant chemicals likely drove the
chemosensory evolution in this species. Previous analyses estimated the origin of
herbivory in the S. flava lineage at ca. 10-15 million years ago (Lapoint et al. 2013;
Peldez et al. 2022), and such a young dietary transition is suitable for comparative
analyses to track down the genetic changes accompanying the diet shift. These
characteristics of S. flava make it an appealing target for the study of the molecular
basis of chemosensory evolution too.

The major defense system equipped by mustard plants is a group of
tissue-damaging toxins called isothiocyanates (ITCs) or mustard oils. Brassicales
normally possess lineage-specific secondary metabolites, glucosinolates (GLSs), which
themselves are not toxic. When the plant tissues are mechanically damaged by
herbivores, however, GLSs are hydrolyzed by an enzyme myrosinase and converted into
ITCs, a mechanism known as “mustard oil bomb”, which are highly toxic and induce
robust escaping behaviors in generalist insects including the fruit fly D. melanogaster
(Lichtenstein et al. 1964; Kang et al. 2010). Acquisition of this chemical defense system
conferred the protection against herbivores and further stimulated the diversification of
the family Brassicaceae (Edger et al. 2015). Coevolutionary arms race has also shaped
the counter-defense system against ITCs on the herbivore side. For instance, a group of
mustard-specializing butterflies, such as the cabbage white Pieris rapae, can suppress
the formation of ITCs by the action of gut-expressed proteins called nitrile specifier
proteins (NSPs), which convert the hydrolysis products of GSLs into less toxic nitriles
and allow the butterflies to feed on Brassicales without having to deal with a high
dosage of ITCs (Wittstock et al. 2004; Wheat et al. 2007; Okamura et al. 2022). By
contrast, S. flava does not have such effective detoxification mechanisms. Although
they can mitigate mustard oils by an ancestral mechanism called mercapturic acid
pathway (Gloss et al. 2014), this is a less efficient detoxification mechanism, which
indicates that S. flava still encounters ITCs while feeding on the mustard plants.
Therefore, suppression of behavioral aversion against mustard oils appears to be
essential for S. flava to evolve into an active Brassicales feeder.

One candidate gene underlying this putative sensory change is called TrpA1, part
of the Trp (Transient receptor potential) channel gene family in insects. TRPA1 is a
conserved polymodal cation channel that can be activated by several kinds of
pain-inducing stimuli, such as heat, UV, reactive oxygen species, and chemicals
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including ITCs (Jordt et al. 2004; Talavera et al. 2020). Most TRPA1 agonists including
ITCs are electrophiles that form covalent modifications with several cysteine residues in
the cytoplasmic domain of TRPA1 and thereby change the conformation of the entire
channel (Hinman et al. 2006; Macpherson et al. 2007), a mechanism conserved from
vertebrates to flies and planarians (Kang et al. 2010; Arenas et al. 2017). In adult D.
melanogaster, TRPA1 serving chemical detection is expressed in bitter-sensing neurons
of the mouthpart (labellum and pharynx) and the legs (tarsi) that triggers feeding
aversion upon activation (Kang et al. 2010; Leung et al. 2020). Genetic knockout of
TrpA1 entirely disrupts the aversion against electrophiles, implying TRPA1 channel is the
primary gustatory sensor for drosophilids to detect dietary electrophiles (Kang et al.
2010). These facts suggest that the gustatory preference to ITCs in flies could
potentially evolve by the molecular evolution of the TRPA1 channel.

There are a few actual cases where TRP channels seemingly drove sensory
evolution in other animals. For example, one subspecies of the African mole-rats called
Highveld mole-rat (Cryptomys hottentotus pretoriae) is entirely insensitive to a
pain-inducing chemical allyl isothiocyanate (AITC, commonly known as wasabi)
possibly as an adaptation to ant-derived toxins in their diets (Eigenbrod et al. 2019). The
lack of pain sensation in this species is correlated with the reduction of chemical
sensitivity of TRPA1 by the substitution of one of the key cysteine residues, providing a
simple molecular explanation for the behavioral change (Eigenbrod et al. 2019).
Variation in heat activation was also observed among reptiles and amphibians which
corresponds to species-specific thermal niches (Gracheva et al. 2010; Cordero-Morales
et al. 2011; Akashi et al. 2018; Saito et al. 2022), although exact amino acid
substitutions causing the functional shifts were not identified in most cases.

A slightly more complex example came from TRPV1 channel, another vertebrate
heat sensor, in the vampire bat (Desmodus rotundus) that can sense infrared signals
with their pit organs. In a comparison with its non-infrared-sensing relative, a study
found that TRPV1 in these bats produced two splicing isoforms with different thermal
sensitivity, and that the vampire bat trigeminal neurons (running near pit organs) were
highly enriched by a TRPV1 isoform with lower activation temperature, which likely
enables to detect slight temperature changes by infrared (Gracheva et al. 2011). In fact,
D. melanogaster TRPA1 produces five splice variants with salient functional differences
among them (Kang et al. 2012; Gu et al. 2019) that could potentially modulate neural
activity via alternative splicing.

Taken together, these examples highlighted two molecular mechanisms that
could potentially mediate sensory evolution in S. flava via TRPA1: 1) desensitization of
the channel, and 2) enrichment of isoforms with weaker chemical responses.
Furthermore, studies from other sensory receptors hinted at other possibilities, such as:
3) up- or down-regulation of TRPA1 expression in the gustatory organs, or 4)
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misexpression of TRPAT in sugar-sensing neurons. If TRPAT1 is involved in the gustatory
evolution in the mustard specialist lineage, we expect to observe some of these
molecular changes in S. flava.

In this chapter, we hypothesized that the molecular evolution of TRPA1 channel
facilitated the specialization to Brassicales host plants in the S. flava lineage by
weakening the aversion to ITCs, and thoroughly investigated the characteristics of
TRPA1 across the phylogeny and their association with the dietary evolution. To address
this hypothesis, we took a comparative approach between three species from different
phylogenetic positions: the representative generalist D. melanogaster, the Brassicales
specialist S. flava, and its closely related microbe-feeder S. pallida. Between the three
focal species, we compared behavioral responses against ITCs, gene-level and
isoform-level expression of TrpA71 gene, and physiological responses of TRPA1 channel
isoforms against electrophiles. We also performed another set of behavior assay to see
whether phenotypic differences between species can be recapitulated by transgene
expression of TrpAT in bitter-sensing neurons. Our results suggested that TRPA1 traced
rather complicated evolutionary paths across the Drosophila phylogeny, but the overall
desensitization of and the skewed expression of less active isoforms are indeed the two
key events underlying the acquisition of the taste for mustards in S. flava.

Materials and methods

Fly strains. The Scaptomyza flava laboratory colony was originally established from
>150 wild larvae collected from Dover, NH (USA) in 2008. The colony was maintained in
cages containing Arabidopsis thaliana Col-0 strain as larval and adult food source at
20-21°C and 60% humidity in a walk-in environmental room on a 12L:12D cycle. The
Scaptomyza pallida lab colony was an isofemale line established from a wild female fly
collected at the University of California, Berkeley campus (CA, USA) in 2017. The colony
was reared on organic spinach (purchased at Trader Joe's, CA, USA) placed on top of
regular cornmeal media purchased from UC-Berkeley Fly Food Facility. Other rearing
conditions were identical to those of S. flava colony. All wild-type and transgenic
Drosophila melanogaster lines were obtained from Bloomington Drosophila Stock
Center, except for the ones newly created in this study, and reared on cornmeal media
from UC-Berkeley Fly Food Facility.

Behavioral assay (Wild-type). In order to characterize behavioral preferences to
electrophiles in the three focal species, we conducted the proboscis extension response
(PER) assay using allyl isothiocyanate (AITC) mixed in sucrose solution. PER is a
commonly used method in Drosophila to measure feeding preference to a given
chemical by monitoring the frequency of proboscis extension after the presentation of
test chemicals (Shiraiwa and Carlson 2007). Our protocol for PER assay was based on
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the one from (Kang et al. 2010) with several modifications. Adult flies were collected
from their larval media soon after the emergence and transferred to plastic vials with
10% honey water (pure organic honey purchased at Trader Joe's, CA) to account for
larval food differences. We did not separate male and female flies during this period,
thus we assume that all female flies were already mated at the time of experiments. 2-9
day old flies were starved for 24 hours in a humidified vial prior to the assay. Flies were
then anesthetized with CO,, mounted on a glass slide dorsal side down using nail polish,
and allowed to recover in a humidifled chamber for at least 2 hours. Flies that did not
show active body movement after the recovery period were removed from the assay.
During the PER assay, all flies were first satiated with water, and each fly was offered a
single type of tastant (i.e., pure sucrose water (300mM) or its mixture with a given
concentration of allyl isothiocyanate (AITC)) by touching their forelegs with test
chemicals as a small droplet from a P200 pipette tip. We picked AITC as a
representative ITC for this and subsequent experiments, because it is the most
commonly used ITC in previous laboratory-based studies using Drosophila. Each
presentation lasted up to 10 seconds, and the response of the fly to the tastant within
the 10-second window was scored based on our criteria: 1pt - Extended proboscis and
maintained drinking the droplet >2 seconds; 0.5pt - Extended proboscis but failed to
maintain contact to the droplet, or only showed brief contact; Opt - Did not show
proboscis extension and failed to contact the droplet. The presentation was repeated
five times per fly (with a 5-10 minute interval between presentations), such that each fly
earned a total score ranging from 0 to 5. We performed PER assay at four different AITC
concentrations (i.e., 0, 2, 5, 10mM AITC in a 300mM sucrose solution), assuming the
biological ITC concentration for the Brassicales plants were somewhere between TmM
to 5mM. The difference in PER scores across the AITC dosage series was tested for
each group using pairwise Wilcon's rank-sum test.

Starvation tolerance assay. Adult flies were collected upon emergence and reared on
10% honey water. 8-10 flies (2-5 days old) of each species/sex were grouped and
transferred to a plastic vial containing 1% agar, and incubated under a laboratory
condition (20-21°C, 60% humidity, 12:12 L:D cycle). We then monitored the number of
dead/live flies every 12 hours until all individuals were dead. We tested 5-6 replicates for
each species/sex group. Survival rates differences between species were analyzed for
each sex by pairwise log-rank test using survminer package v0.4.9 (Kassambara et al.
2017) in Rv4.2.1.

RNA-sequencing. We performed bulk RNA-sequencing to confirm TrpA7 expression is

not lost in S. flava, to compare expression levels between species, and to characterize
TrpA1 isoform cDNA sequences in Scaptomyza. Total RNA extraction from S. flava and
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S. pallida adult females, RNA-sequencing, and initial filtering of RNA-seq reads were
performed as described in Chapter 2. To roughly predict mRNA structures of
Scaptomyza TrpA1, we first conducted de novo assembly of transcript contigs using
Trinity v2.5.1 (Grabherr et al. 2011) and conducted TBLASTN searches (v2.10.1) against
the assembled contigs of S. flava and S. pallida using D. melanogaster TRPA1-C protein
sequence as a query. Exonic structures of S. flava and S. pallida TrpA1s were manually
inspected after sequence alignment using MAFFT v7.273 (Katoh and Standley 2013).
Differential expression analysis between species was conducted as described in
Chapter 2. We also downloaded previously published RNA-seq data from female D.
melanogaster labellar to compare gene expression with S. flava in the same manner.

Fluorescent in situ hybridization. We conducted RNA FISH to examine the types of
gustatory neurons expressing TrpA7 in the fly labellum. HCR (hybridization chain
reaction) RNA FISH kit was ordered from Molecular Instruments (CA, USA). Custom
mMRNA probes for D. melanogaster and S. flava TrpA1 (and respective Gr66a as a marker
for bitter-sensing neurons) were designed and produced at Molecular Instruments (CA,
USA). TrpA1 probes were targeted spanning exons 5-11 so they can bind to all splice
isoforms equally.

Female D. melanogaster and S. flava between 3-10 days old were anesthetized
with CO,. Their mouthparts were hand-dissected with fine forceps and fixed in a 2mL
fixative solution (4% paraformaldehyde in 1X PBS, with 0.1% Triton X-100) at 4°C on a
nutator for 24 hours. Following the fixation, samples were washed twice in 2mL 1X PBS
+ 3% Triton X-100, once in 2mL 1X PBT (i.e., PBS + 0.1% Triton X-100), and four times in
TmL 1X PBT. Hybridization and amplification steps were mostly identical to the official
protocol for D. melanogaster embryos from Molecular Instruments, except for the higher
probe/hairpin concentrations (Bontonou et al. 2024): Probe solutions were created by
adding 5puL of experimental (TrpA7) and control (Gr66a) probes to 300uL probe
hybridization buffer. Likewise, hairpin solutions were prepared by adding 10uL of each
3uM hairpin stock to 300uL amplification solution.

Amplicon sequencing. We next aimed to quantify the proportions of expressed TrpA1
isoforms in fly labella and tarsi to investigate whether those ratios are associated with
the dietary adaptation of the flies. Due to the nature of Scaptomyza/Drosophila TrpA1
isoforms where exons defining isoform types are distantly located (i.e., ~2kb on mRNA),
common gene expression analyses such as short-read sequencing or quantitative PCR
do not accurately capture the proportions of TrpA7 splicing variants. Therefore, we
employed amplicon sequencing targeting the entire TrpAT cDNA with long-read
sequencers from Oxford Nanopore Technologies (ONT), assuming the ratio of TrpA1
isoforms was still conserved after PCR amplification.
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Total RNA was extracted from independent groups of fly labella or tarsi (all six
legs pooled) where each replicate contained roughly 40-50 individuals. 100ng total
labellar RNA or 50ng tarsal RNA was transcribed into cDNA using SuperScript IV
(Invitrogen, USA), which was later used as templates for first-round PCR for TrpA1
transcripts using Phusion high-fidelity DNA polymerase (New England Biolab). PCR
primers were designed for the common 5'UTR and the last exon such that the entire
pool of TrpA1 isoforms can be amplified in a single reaction. Furthermore, the primers
were concatenated to common “adapter” sequences acting as annealing sites for
barcoding primers in the second-round PCR. Successful TrpAT amplicons were isolated
from 1% agarose gel after electrophoresis and purified using Monarch DNA gel
extraction kit (NEB). 40ng TrpAT amplicons were then used as templates for barcoding
PCR using LongAmp Tag 2X Master Mix (NEB) and PCR Barcoding Expansion
(EXP-PBC001, ONT). Barcoded TrpA71 fragments were cleaned with QIAquick PCR
Purification Kit (Qiagen) and quantified with Qubit dsDNA BR Assay Kit (ThermoFisher).
Subsequently, multiple TrpAT amplicons were pooled together in a single tube for size
selection using X0.6 SPRI beads. Selected fragments were used for library preparation
using Ligation Sequencing Kit (SQK-LSK109, ONT) and sequenced on Flongle Flow Cell
(R9.4.1) with MinION (ONT). After obtaining FASTQ output files, we performed BLASTN
searches against the outputs using pre-characterized TrpA7 sequences as queries to
figure out the isoform identity of each single read. To take into account the high error
rates of ONT sequencers, we filtered out the reads where the lengths are outside the
range between 3.8 and 4.5 kb or the sequence similarity to the best hit query was less
than 85%. Passed reads were categorized as their best-hit isoform type, and the
proportions of isoforms were calculated using a manual Python script. The relative
proportion of each TrpA7 isoform type between species/sexes were analyzed using R
v4.2.1 using generalized linear model assuming gaussian distribution.

Oocyte electrophysiology. We performed two-electrode voltage clamp recordings using
Xenopus oocytes to characterize chemical sensitivities of detected TRPA1 isoforms.
Ten Scaptomyza/Drosophila TrpA1 isoform CDSs were subcloned into a Xenopus
expression vector pOX+ (citation) using NEBuilder HiFi DNA Assembly Master Mix
(NEB). Original TrpA1 sequences were obtained from various sources summarized in
Table 1. cDNA synthesis was conducted with 40-80ng starting total RNA using
Superscript IV (Invitrogen). Note that here we denote TrpA7 orthologues with initials of
each species. D. melanogaster TrpA1 is commonly called “dTrpA7”, but instead we
called it “DmTrpA1” for consistency. pOX(+)-TrpA1 constructs were linearized with a
restriction enzyme Rsrll and used as templates for cRNA synthesis using mMessage
mMachine SP6 Transcription kit (ThermoFisher).
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Isoform Original source Amplification

SfTrpA1-CL Artificial synthesis (Genscript, CA, USA) Competent cells

SfTrpA1-DL Artificial synthesis (Genscript, CA, USA) Competent cells

SfTrpA1-CS S. flava labellar cDNA PCR (Q5 high-fidelity DNA polymerase, NEB)
SfTrpA1-DS S. flava labellar cDNA PCR (Q5 high-fidelity DNA polymerase, NEB)
SpTrpAT1-CL S. pallida labellar cDNA PCR (Q5 high-fidelity DNA polymerase, NEB)
SpTrpA1-DL S. pallida tarsal cDNA PCR (Q5 high-fidelity DNA polymerase, NEB)
SpTrpAT1-EL S. pallida labellar cDNA PCR (Q5 high-fidelity DNA polymerase, NEB)
SpTrpA1-CS S. pallida labellar cDNA PCR (Q5 high-fidelity DNA polymerase, NEB)
DmTrpA1-C D. melanogaster larval whole-body cDNA | PCR (Q5 high-fidelity DNA polymerase, NEB)
DmTrpA1-D A gift plasmid from Marco Gallio’s lab Competent cells

Table 1. Sources of subcloned TrpA1 isoform sequences.

Oocytes were collected from adult Xenopus laevis, processed with Collagenase A
(Roche) to remove follicular membranes, and incubated in MBSH-PH solution until
cRNA injection. 50nL cRNA of a given TRPA1 isoform (or a mixture of several isoforms)
was injected into each oocyte. Two-electrode voltage clamp (TEVC) recordings were
performed 2-3 days after the cRNA injection using OC-725C amplifier (Warner
Instruments) and Digidata 1440 (Axon Instruments). All recordings were performed at
-60mV. Taking advantage of the polymodal nature of fly TRPA1, we stimulated the
channels twice in the course of a single recording: oocytes were first heated (42°C) for
30 seconds, washed for 120 seconds, and then challenged with a given dosage of AITC
for 90 seconds. This design allowed us to normalize a chemically induced raw current
by the amplitude of heat-induced current at each recording (assuming heat current
amplitudes reflect the abundance of TRPA1 channels in oocytes). Recordings were
performed at a series of concentrations ranging from 0.001TmM to 3mM. We used
heat-normalized current values to estimate dose-response relationships and ECy, for
each TRPA1 isoform using R package drc v3.0-1 (Ritz et al. 2015). Interspecific size
differences in normalized electrophile currents at each concentration, as well as
heat-induced raw currents were analyzed with Kruskal-Wallis test, followed by Dunn’s
test with Benjamini-Hochberg correction using R v4.2.1.

Generating transgenic flies. We further performed genetic rescue experiments in
TrpAT1-mutant D. melanogaster lines to test whether the ectopic expression of
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Scaptomyza TRPA1 sufficiently recapitulates the behavioral variation of wild-type
species. Three TrpA1 isoforms (SfTrpA1-CL, SpTrpA1-CL, DmTrpA1-C) were subcloned
into 5xUAS-attP vectors for fly transgenesis. These UAS-TrpAT1 cassettes were inserted
into D. melanogaster genome targeting at attP40 site on chromosome 2 using PhiC31
integrase. Transgenesis of D. melanogaster embryos and the initial transformant
screening were performed at Genetivision (Huston, TX, USA), which resulted in three
independent UAS-TrpA1 lines. Other mutant strains were obtained from Bloomington
Drosophila Stock Center (#28801: pGr66a-GAL4;Gr93a®, #26504: w';TrpA1’, #7198
w’;,Cy0/Kr'*';TM3,Ser’/D"). All mutant lines were initially backcrossed to w''’ for five
generations to homogenize their genetic background. pGr66a-GAL4 (after omitting the
Gr93a’® allele) and all UAS-TrpAT1 lines were then crossed to TrpA1’ (= TrpAT-null mutant)
lines so all flies were null mutants for the endogenous TrpA7 allele. Each
UAS-TrpA1;TrpA1’ line was then crossed either to pGr66a-GAL4,TrpA1’ line (test) or to
+/+;TrpA1’ line (control) to obtain the genotypes we used in experiments.

Behavioral assay (Transgenic lines). Procedures of the PER assay for transgenic flies
were identical to those for wild-type flies except for these modifications: (1) Adult flies
were collected soon after the emergence and kept on fresh cornmeal media until the
24-hour starvation period, (2) 3-6 day old female flies were used for the assay
(assuming all flies were mated by this period), (3) after the starvation period, flies were
inserted into P200 plastic tips such that only the head and forelegs were exposed and
allowed to access tastants. As test substances, three concentrations (0, 5, 10mM) of
N-methylmaleimide (NMM) were prepared in 100mM sucrose solution containing 0.5%
DMSO. Here, we switched from AITC that could interfere with the endogenous olfactory
pathway of flies, and instead used another TRPA1 activator, NMM, so we can evaluate
the effect of TRPA1s in gustatory behavior. Each fly was tested with a single tastant five
times, in which each presentation lasted up to 5 seconds. All assays were performed
between 3 to 6 pm. PER scores were calculated in the same criteria as those in
wild-type PER, and differences in the distribution of total PER scores were statistically
tested within genotypes using Wilcoxon's rank-sum test with Benjamini-Hochberg
correction.

Results

Gustatory aversion from isothiocyanates is attenuated in S. flava. Although we
anecdotally observed the lack of aversion in S. flava from mustard plants, their

gustatory preference for ITCs have not been quantitatively investigated. We began this
study by characterizing behavioral preference to an isolated electrophilic compound,
allyl isothiocyanate (AITC), across Scaptomyza/Drosophila species by monitoring PER
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(proboscis extension response) to tarsal/labellar stimulation. We used a given
concentration of AITC mixed in 300mM sucrose solution as test stimuli to investigate
the degree of feeding inhibition by the presence of AITC in the three wild-type species.
PER assay showed that the two microbe-feeding species, D. melanogaster and S. pallida,
clearly exhibited a stepwise reduction of feeding responses in both sexes as the
concentration of AITC increased (Fig. 1A). By contrast, S. flava did not show feeding
aversion up to 5mM AITC (Fig. 1A). Male S. flava significantly avoided the tastant at
10mM AITC, but female flies were not inhibited at that dosage (although the average
PER score was lower compared to OmM AITC) (Fig. 1A). These data suggest that the
behavioral aversion to AITC in S. flava is not entirely lost, but it has been significantly
attenuated relative to its microbe-feeding relatives, consistent with their
mustard-dependent ecologies.

One scenario to explain the observed behavioral differences is that S. flava was
more hungry than other species after the 24-hour starvation period prior to the PER
assay, such that bitter sensation at the periphery was overridden by strong
hunger-induced appetitive signals (Inagaki et al. 2014; Yapici et al. 2016). To explore
this possibility, we ran a simple hunger tolerance assay to monitor the survival rate of
the flies in foodless humidified vials (Li et al. 2016). We found that hunger resistance
was significantly different between all three species in each sexes (Fig. 1B; Log-rank
test, p-value<0.001 for all pairwise comparisons) and that the starvation tolerance of S.
flava was intermediate between those of D. melanogaster and S. pallida (Fig. 1B). In both
sexes, D. melanogaster was most susceptible to the starvation treatment. S. flava and S.
pallida were comparable up to 100-150 hours, but afterwards, S. pallida exceeded the
tolerance of S. flava wherein a few S. pallida individuals survived almost up to two
weeks without any food (Fig. 1B). This difference might be reflected in the overall lower
PER rates in S. pallida (Fig. 1B). However, the fact that aversion to AITC was clearly
observed in S. pallida could imply that the hunger does not well explain the variation in
AlTC-aversion across species. Therefore, we conclude that the attenuated aversion to
AITC in S. flava is likely attributed to their lineage-specific modification in the sensory
systems.
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Figure 1. Electrophile sensitivities of the wild-type fly species. (A) PER responses against AITC (in 300mM sucrose)
in male and female of the three drosophilid species. Reduction of PER scores within each group was tested by
pairwise Wilcoxon rank-sum test (P-value: NS, not significant; *, p<0.05; **, p<0.01; ***, p<0.001). (B) Survival plots
from starvation tolerance assay in (left) female and (right) male flies. Differences between species were analyzed by

log-rank tests (only group-wide p-values were shown).

Spatial property of TrpA1 expression is conserved across species. We next conducted

short-read RNA-sequencing to confirm gene expression of TrpA7 in S. flava and
characterize their mRNA sequences. Cross-species DEG analysis revealed robust
expression of TrpA17 in labellum and tarsus in all species tested, ruling out the possibility
of the loss of TrpA7 expression in S. flava (Fig. 2A). The overall expression levels of
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TrpAT were not statistically different between species, although expression is almost
twice as high in D. melanogaster as in S. flava (Fig. 2A). To characterize the types of
neurons expressing TRPA1, we conducted HCR (hybridization chain reaction) RNA-FISH
to visualize mRNA localization in the labellum of S. flava and D. melanogaster. We found
in S. flava that signals of TrpA7 formed neuron-like clusters and always co-localized with
those of Gr66a, a marker of bitter-sensing gustatory neurons, consistent with the pattern
observed in D. melanogaster (Fig. 2B) and those from a previous study (Leung et al.
2020). These results ruled out the possibility of TRPAT misexpression and indicated
that the valence of ITCs as aversive signals was still conserved even in S. flava.

S. flava - S. pallida comparison S. flava - D. mel comparison
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Figure 2. Gene expression of TrpA17 in Scaptomyza flava compared to S. pallida and D. melanogaster. (A) Volcano
plots of cross-species DEG analysis in female labella between (left) S. flava - S. pallida and (right) S. flava - D.
melanogaster. Each data point shows a single gene, where colored ones are significantly differentially expressed
between species. TrpA71 (blue) was not a significant DEG in both comparisons. (B) Microscopic images of HCR RNA
FISH samples: (left) female D. melanogaster labellum (right) female S. flava labellum. Clusters of green and magenta
signals (pointed by yellow arrows) indicate the neuronal expression of Gr66a and TrpAT, respectively.
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Compositions of TrpA1 splicing variants are variable across species. Unlike
mammalian TRPA1, D. melanogaster TrpA1 gene undergoes alternative splicing upon
transcription that produces five isoforms with various expression and functional
properties (Zhong et al. 2012; Gu et al. 2019). We were interested in the compositions of
TRPA1 channel isoforms across Drosophila/Scaptomyza species, because the
proportion of spliced variants potentially aids sensory adaptation as in the case of
TRPV1 isoforms in the infrared-sensing bat (Gracheva et al. 2011). Initial de novo
assembly of RNA-sequencing reads revealed the presence of at least five TrpA7
isoforms in the labella/tarsi of S. flava and S. pallida (Fig. 3A). All Scaptomyza isoforms
contained exons 1 and 2 of TrpA7, showing similarities to TrpA7-C/D/E isoforms of D.
melanogaster (Fig. 3A). Interestingly, Scaptomyza TrpA1s seemingly possessed two
additional exons upstream of Exon 1, named Exon L and Exon S (meaning “Longer” or
“Shorter” exons), each of which contained putative start codons (Fig. 3A). These
Scaptomyza-specific TrpA71 isoforms were named TrpA1-CL/CS/DL/DS/EL, respectively,
based on the choice of exons and their homology to D. melanogaster TrpA1 isoforms
(Fig. 3A). Presence of these isoforms were further validated by subcloning and
sequencing.

Quantification of isoform expression posed a challenge in the case of
Scaptomyza TrpAT1. Because exons that determine isoform identities are distantly
located (i.e., exons L/S and 12/13, see Fig. 3), it was impossible to accurately parse out
the expression of each single isoform by short-read RNA-seq that can only cover up to
150bp per read. To address this issue, we performed amplicon sequencing of TrpA1
transcripts using a long-read sequencer from Oxford Nanopore Technologies (ONT) that
allows sequencing up to 4Mb in a single read. Briefly, we PCR-amplified the entire
repertoire of TrpA71 transcripts from labellar or tarsal cDNA for each species (see
Method section), sequenced them on Flongle flow cells using ONT MinlION, and
identifled each sequence read using BLAST searches. This approach revealed
substantial variations in the proportion of TrpA7 isoforms across species and organs,
but not between sexes (Fig. 3B). Notably, the TrpA7-CL(C) isoform was dominant in D.
melanogaster and S. pallida labella, while it was equally abundant as TrpA7-DL in S. flava
labella (Fig. 3B, 3C). Differences between tissues were also striking, wherein TrpA7-DL
isoforms were more abundant than TrpA7-CL in both S. flava and S. pallida (Fig. 3B, 3C).
Isoforms that contained Exon S, namely TrpA7-CS and -DS, were only detected in S. flava
(Figure 3B). These unique proportions of TrpA7 isoforms suggest that the differences in
splice isoform compositions might be associated with the behavioral evolution across
the fly lineages.
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Figure 3. Scaptomyza TrpA1 isoforms. (A) Exon-intron structures of TrpA7 splicing variants of D. melanogaster and
Scaptomyza (i.e., those identified from S. flava and S. pallida labellar cDNA). Black small arrowheads indicate putative
start codons, whose upstream regions (with pale colors) show putative 5UTR regions. Green arrows indicate the
positions of PCR primers designed for amplicon sequencing. (B) Compositions of TrpA17 isoforms from labelar and
tarsal cDNA of the three focal species. Each vertical bar represents a cDNA sample derived from an independent set
of 40-50 flies. Note that D. melanogaster TrpA1-C/D/E isoforms here were categorized as TrpA71-CL/DL/EL,
respectively, for the sequence similarity between its 5’UTR region and Exon L of Scaptomyza TrpATs. (C) Relative
abundances of TrpA7-CL and -DL in labellar and tarsal cDNA (N=3 for each group). Variations between groups were
modeled by GLM with Gaussian distribution and tested by Tukey’s post-hoc test with Benjamini-Hochberg correction.

TRPA1 channels in vitro show different responses to AITC between or within species.
We next characterized functionalities of TRPA1 channel isoforms detected from the
three drosophilids using two-electrode voltage clamp (TEVC) recordings from Xenopus
laevis oocytes. As reported in a previous study (Kang et al. 2010), we also noticed that
drosophilid TRPA1 channels stimulated by AITC did not immediately return to the
baseline current and got desensitized to subsequent chemical stimulations, possibly
due to its unique mode of channel activation (Hinman et al. 2006; Macpherson et al.
2007). This property prevented us from using a common approach wherein a raw
current amplitude was normalized by another maxed-out current applied at the end of
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the recording. Instead, we took a strategy in which TRPA1s were initially stimulated by
heat (42d°C) and subsequently by a given concentration of AITC, such that
AITC-induced currents were normalized by heat-induced currents at each recording (Fig.
4A). This approach assumed that sizes of heat-induced currents reflected the degree of
expression of TRPAT in oocytes, which in fact was supported by our dataset where the
two raw current sizes were positively correlated (data not shown yet).

Using oocyte electrophysiology, we began comparing dose-responses between
three drosophilid species for TRPA1-CL and -DL isoforms, which were the primary
components of Scaptomyza TRPA1 isoforms (Fig. 3B). We found that basic responses
of each TRPA1 isoform to AITC washighly conserved: For example, CL tended to be
slowly activated at lower concentrations and showed acute spike-like responses at
higher concentrations (Fig. 4A). By contrast, DL was mostly insensitive to AITC at lower
doses while it was highly activated at higher dosages, and characterized by slower
activation to the peak compared to CL (Fig. 4A). Although these modes of activation
were conserved across lineages, current amplitude showed substantial variations
among species. In both TRPA1 isoforms, S. pallida generated the largest amplitudes to
AITC (Fig 4B, 4C). Responses of S. flava and D. melanogaster were comparable at lower
dosages, but S. flava TRPA1 eventually was saturated at a larger amplitude on average
(Fig. 4B, 4C). Median effective concentrations (ECs,) were somewhat comparable in C
isoforms (DmTRPA1-C: 0.013mM, SpTRPA1-CL: 0.034mM, SfTRPA1-CL: 0.028mM),
while the variation was larger in D isoforms (DmTRPA1-D: 0.404mM, SpTRPA1-DL:
0.116mM, SfTRPA1-DL: 0.321mM). In both isoforms, S. pallida TRPA1 was the most
sensitive. However, these variations in AITC-induced responses did not hold true for
heat-induced currents (Fig. 4D): although we were only able to compare raw current
sizes, the response was comparable within each isoform except for the slightly smaller
currents of SpTRPA1-CL (Fig. 4D), indicating that evolution of TRPA1 channel property is
specific to chemical sensitivity.

On top of the two major L-isoforms, we also investigated the characteristics of
two other TRPA1 variants of S. flava, SfTRPA1-CS and -DS (hereafter CS and DS).
Interestingly, both heat- and chemical-induced current sizes from these two S isoforms
were substantially smaller than those of L-isoforms, even at the highest AITC
concentrations (Fig. 4E, heat data not shown). Although their activation was weaker, CS
and DS exhibited a minimal degree of dose-responses that resembles their counterparts
in L-isoforms (Fig. 4E). Overall, our electrophysiological recordings highlighted
interspecific and intraspecific variation in functionalities of TRPA1 isoforms that were
previously unknown.
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Figure 4. Physiological properties of Scaptomyza TRPA1 channels. (A) Example current traces of SfTRPA1-CL and
-DL. Each oocyte was initially stimulated by heat, and later by AITC. (B, C) Dose-response curves against AITC of (B)
TRPA1-C and (C) TRPA1-D isoforms from the three focal species (n = 3-7 at each concentration, except for 3mM in
(B)). Normalized current values were fitted to log-logistic functions with three parameters. (D) Heat-induced raw
current sizes of TRPA1-C and -D isoforms. Interspecific differences were analyzed with Kruskal-Wallis test followed
by Dunn’s test with Benjamini-Hochberg correction. (E) Dose-response curves against AITC of the four SfTRPA1

isoforms, using raw current values.
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In vivo expression of TRPA1-C isoforms partially recapitulates wild-type behaviors.
Given the functional diversity among TRPA1 isoforms, we next asked whether and to

what extent those physiological differences in the ion channel were sufficient to drive
phenotypic divergence between species. To address this question, we took a
gain-of-function approach using the GAL4/UAS system in D. melanogaster. Briefly, we
first created three homozygous UAS-TrpA71 lines each carrying a full-length copy of
SfTrpA1-CL, SpTrpAT1-CL, or DmTrpA1-C, respectively. We then crossed each UAS-TrpA1
line with a pGr66a-GAL4 line to drive TrpAT expression in all bitter-sensing neurons in
the offspring. As controls, UAS-TrpA1 or pGr66a-GAL4 lines were also crossed to TrpA7’
lines so that no transgene expression was induced in the next generation. These
offspring were phenotyped using PER assay to evaluate the contributions of TRPA1
channel on their electrophile sensitivities. We used the non-volatile electrophile NMM as
a deterrent instead of AITC, because we wanted to minimize interference on olfactory
pathways to focus on the effect of TRPA1 expression in gustatory neurons.

Using this approach, we investigated whether and to what extent in vivo
expression of TRPA1 channel from the three drosophilid species can recapitulate the
patterns we observed from PER or oocyte recordings on wild-type lines. We found that
the highest concentration of NMM (10mM) was consistently aversive to all genotypes
including TrpAT-null control lines, possibly via non-sensory mechanisms like tissue
damage (Fig. 5A-D). Still, all TRPA1-expressing lines showed a larger degree of feeding
suppression compared to their UAS-only controls, confirming the additive effect of
transgene expression (Table 1). Preplexingly, we found inconsistencies among the
control genotypes in the aversion at 5mM NMM, where TrpA1' and UAS-DmA1C/+
controls significantly avoided feeding while other controls did not clearly show signs of
aversion (Fig. 5A-D). Genotyping using PCR confirmed that all these lines harbor the
same TrpATl-mutant allele (i.e., TrpA71") as homozygotes (data not shown), which
conflicted with previous reports (Kang et al. 2010). In any case, our data suggested that
some of our flies retained sensitivity to electrophiles via unknown mechanisms.

Despite this inconsistency, we still discovered some consistent patterns too: The
expression of SpTRPA1-CL in Gr66a-positive neurons conferred aversion to 5mM NMM,
while SfTRPA1-CL expression did not, compared to their respective controls (Fig. 5C,
5D). These findings were aligned with our earlier behavioral and physiological
experiments. DMTRPA1-C also did not confer significant aversion at 5mM, possibly due
to the aversion seen in UAS-TrpA1 background alone (Fig. 5B). When comparing the
degree of PER reduction between TrpA7-expressing and control lines for each TRPA1
channel, SpTRPA1 had the largest effect of transgene at 5mM NMM (Table 1;
Areduction = 0.23-0.065 = 0.165), while SfTRPA1 added up no aversion (Table 2;
Areduction = 0.068-0.07 = -0.02). These values were more comparable at 10mM (Table
2). Taken together, our transgenic PER assay indicated that the physiology of TRPAT
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was consistent in vivo at least between S. flava and S. pallida, whereas it does not fully
explain the high electrophile aversion of D. melanogaster.
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Figure 5. Electrophile sensitivities of TrpA7-expressing transgenic flies. (A-D) PER responses against a dosage
series of NMM (mixed in 100mM sucrose solution) were tested by pairwise Wilcoxon rank-sum test within each group
(P-value: NS, not significant; * p<0.05; ** p<0.01; *** p<0.001); (A) Two control genotypes, TrpA71’ and
pGré66a-GAL4/+. (B-D) Flies carrying (B) UAS-DmTrpA1-C, (C) UAS-SpTrpAT-CL, or (D) UAS-SfTrpAT1-CL fragments with
or without pGr66a-GAL4 cassette to drive their expression in bitter-sensing gustatory neurons. Note that all
genotypes carry the same mutant dTrpAT allele (i.e., TrpA1") so we can evaluate the contribution of heterologously
expressed TrpAT isoforms.
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Table 2. Summary of PER assay in transgenic flies. Rates of PER reduction (%Reduction) were calculated by dividing
the average PER score of OmM by that of 5mM for each genotype. AReduction was simply the difference in
%Reduction between the test and control lines, supposedly showing the degree of electrophilic aversion added by
TRPAT1 transgene.

Discussion

Niche shifts in animals are often accompanied by the evolution of behavioral traits
(Duckworth 2009), but the genetic changes underlying such events remain elusive. To
fill this knowledge gap, here we investigated the molecular basis of gustatory behavior
in an evolutionarily young specialist herbivore, Scaptomyza flava, and compared it to
closely related microbe-feeding fly species. By focusing on the molecular properties of a
single ion channel, TRPA1, a primary transducer of electrophilic compounds such as
mustard-derived isothiocyanates (ITCs), we aimed to infer part of the evolutionary
processes of the herbivorous fly at the molecular resolution. Specifically, we
hypothesized that S. flava evolved an attenuated aversion toward ITCs due to particular
types of molecular changes of the TRPA1 channel — such as the desensitization to the
chemical stimulus, the modified compositions of splice isoforms, and the receptor
misexpression in sweet-sensing neurons — and addressed each possibility using
various methodologies spanning from genomics to electrophysiology.

Our interspecific analyses indicated that the properties of the TrpA7 gene and its
encoding ion channel were indeed correlated with the mustard-feeding ecology of S.
flava, but they also suggested a slightly complicated evolutionary history. Key findings in
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this chapter are summarized as follows: 1) Gustatory avoidance toward electrophiles
(AITC) was weaker in S. flava than in the two microbe-feeding species (D. melanogaster
and S. pallida), 2) Similar TrpAT gene expression patterns were retained in all lineages,
but S. flava tended to have lower expression levels, 3) TrpAT expression was restricted
to bitter-sensing neurons in S. flava and D. melanogaster, 4) Alternative splicing of
Scaptomyza TrpA1 produced species- and tissue-specific compositions of C and D
isoforms, 5) Electrophile sensitivity and the current amplitudes of the TRPA1 channel
was highest in S. pallida and the lowest in D. melanogaster, 6) The TRPA1-C isoform
responded to AITC at lower concentrations, while D isoform was only activated at
higher concentrations, 7) Ectopic expression of the SpTRPA1-CL channel confers
electrophilic aversion, while SfTRPA1-CL did not confer clear phenotypic effects.
Although wild-type behaviors were consistent with our initial prediction, these data
together hinted at a rather complicated trajectory of molecular evolution of TrpA7 and
how it is associated with the colonization of the mustard host plants. To parse out key
evolutionary events, we will next discuss the pairwise differences between S. flava and
either of S. pallida or D. melanogaster, our two representative microbe feeders.

Differential electrophile sensitivity between S. flava and S. pallida. Between the two
Scaptomyza lineages, the functional evolution of TRPAT1 is likely associated with the
differences in the levels of electrophile aversion. The weaker sensitivity and smaller
current amplitudes by AITC stimulation in SfTRPA1 channel compared to SpTRPAT1,
observed both in vitro (Fig. 4B, 4C) and in vivo (Fig. 5C, 5D), indicated that these
functional changes likely underlie S. flava's attenuated behavioral aversion for ITCs. This
is consistent with a previous report on an AITC-insensitive African mole-rat subspecies
having TRPA1 channel with low chemical sensitivity (Eigenbrod et al. 2019). Since
similar cases were reported in thermal adaptation, where the activation temperatures of
TRP channels were either increased or decreased depending on the species’ behavior
(Gracheva et al. 2010; Akashi et al. 2018; Saito et al. 2022), it seems the modification of
ion channel activity is a typical mechanism of sensory evolution. However, although this
functional evolution was likely mediated by amino acid substitutions, we do not know
which residues were of particular importance. Unlike the African mole-rat TRPAT
(Eigenbrod et al. 2019), SfTRPA1 retains all key cysteine residues in the cytoplasmic
domain required for chemical activation of the channel, suggesting that other domains
regulating channel activity, such as ankyrin repeats (Cordero-Morales et al. 2011), might
be a main driver of the evolution. Further investigation is warranted to identify the exact
substitutions of TRPA1 conferring differential chemical sensitivities.

Furthermore, our data highlights an intriguing possibility that the ratio of TRPA1
isoforms might also be at play. Given the lower chemical sensitivity of TRPA1-D isoform,
skewed production of TrpA7-D mRNA would decrease the electrophile sensitivity of
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TrpAT-positive neurons and thus attenuate behavioral aversion of the flies to
electrophiles, which should be favored in the S. flava lineage since they have to
suppress unnecessary aversion to ITCs while laying eggs or feeding on the brassicales.
Sensory adaptation aided by functionally variable channel isoforms was reported in
TRPV1 of the vampire bat (Gracheva et al. 2011), but is still largely unexplored in many
systems, partially due to the difficulty of quantifying long-read transcripts. As alternative
splicing profiles of ion channel genes have been slowly characterized thanks to the
advances in long-read sequencing technologies (Clark et al. 2020), we believe that our
findings pose one of the first few cases of this rare yet potentially prevalent mechanism
of ecological adaptation.

Another potential mechanism behind species-specific electrophile preference is
the presence of weakly responding TRPA1 isoforms (TRPA1-CS and -DS) in S. flava
transcriptomes. Similar to the earlier discussion, a higher ratio of such “inactive” TRPA1
isoforms would result in lower neural or behavioral sensitivity to electrophiles. However,
this explanation is unlikely because S. pallida neurons also expressed another “inactive”
isoform, TRPA1-EL, which does not react to any known TRPA1-activating stimuli in vitro
or in vivo (Gu et al. 2019). Our oocyte recordings with mixed isoforms showed that the
combinations of SfTRPA1-CL/-CS and SpTRPA1-CL/-EL both fell in between the two
channels used (data not shown), suggesting that the presence of EL would lower the
activity of bitter neurons to the same degree as TRPA1-CS/DS isoforms would do to S.
flava. Although Exon S produces CS/DS isoforms specific to Scaptomyza genomes, we
do not understand the exact roles of these weak isoforms or why the two species
express different isoforms. At the very least, we assume their presence alone is not a
major driver of phenotypic divergence between the two Scaptomyza lineages.

Differential electrophile sensitivity between S. flava and D. melanogaster. In contrast to
the divergence between Scaptomyza species, the differences between S. flava and D.

melanogaster are more nuanced. Despite the clear electrophile aversion at the
behavioral level (Fig. 1A), our oocyte electrophysiology results showed that DImTRPAT1 is
actually less sensitive to AITC than SfTRPA1 (Fig. 4B, 4C). This discrepancy indicates
that the property of TRPA1 channel alone cannot explain the behavioral differences.

One possible mechanism is the lack of inactive isoforms of TRPA1 in D.
melanogaster transcriptomes. Although TRPA1-E is expressed in the labellum of D.
melanogaster (Gu et al. 2019), our data indicate that its proportion is very low (Fig. 3B),
thereby electrophile sensitivity of bitter neurons might not be attenuated as much.
Furthermore, our RNA-seq data suggested that overall expression level of TrpA7 is also
higher in D. melanogaster than in S. flava (Fig. 2A), consistent with our observation that
D. melanogaster labellum is innervated with a higher number of TrpA7-positive neurons
(Fig. 2B). Possibly, an increased number of sensory neurons might achieve a higher
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behavioral sensitivity by increasing the frequency of signals sent to secondary neurons
or the central nervous system. However, the relationship between sensory neuron
numbers and behavioral output might not be so straightforward. A recent study showed
that an increase in one type of olfactory sensory neuron in the noni fruit specialist D.
sechellia (relative to D. simulans or D. melanogaster lineages) does not increase
behavioral sensitivity or projection neuron activity to noni-derived odorants, but instead
inhibits the neural adaptation of projection neurons such that flies can track the odorant
for a longer period (Takagi et al. 2023). Olfactory and gustatory systems of insects have
different neural hierarchies (Su et al. 2009; Scott 2018), thus it is still difficult to predict
the consequences of increased neural numbers and a more complete understanding of
this will need more experimental studies.

Inconsistency in transgenic PER. Previous studies reported that knockout of
endogenous TrpAT gene entirely disrupted gustatory aversion against AITC or other
electrophilic chemicals in PER assay (Kang et al. 2010; Kohno et al. 2010). Our
transgenic assay did not entirely align with these data, since electrophilic aversion was
already observed in some of the TrpA7-null control flies (Fig. 5). Although our
quantification and statistical analysis differed from those of aforementioned studies
(i.e., comparing PER responses between 1st trial and 2nd-5th trials), we obtained similar
results even after applying these methodologies (data not shown). Why did we end up
with these contradictory results? One possibility is the difference in genetic
backgrounds of the flies: Although not clearly stated in the manuscripts, authors of
these studies likely used Canton-S background mutant flies (some information available
in (Panzano 2013)), while ours were all backcrossed to w''’ line. w''’® is commonly
treated as wild-type in many studies using transgenic flies, but several studies reported
neurobiological and behavioral differences between w''’® and other wild-type strains
(e.g., (Schilman et al. 2011; Krstic et al. 2013; Qiu et al. 2017)). Since our data
suggested that all transgenic flies retained some sensitivity to T0mM NMM even in the
absence of TRPA1, this sort of non- TRPA1-mediated aversion might have been
augmented in some cases. Further investigation is warranted to gain a fuller picture
from our behavioral experiments.

Molecular evolution of TrpA1 and the colonization to mustard plants. Our comparisons
illuminated numerous evolutionary events that occurred in the TrpAT gene across the

diversification of Drosophila/Scaptomyza lineages. We parsimoniously inferred
evolutionary timings of these events on the species tree as follows (Fig. 6):

(1) Ancestral Scaptomyza branch: Reduction of TrpA7 expression levels and/or neuron
numbers, loss of the labellar expression of TrpA7-A/B isoforms, gain of Exon S.
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(2) Ancestral S. pallida lineage: Sensitization of TRPA1 channel, skewed expression of
TRPA1-C isoform.
(3) Ancestral S. flava lineage: Desensitization of TRPA1 channel, skewed expression of
TRPA1-D isoform.

Considering the putative timing of the colonization to the Brassicales, we
propose that the desensitization of TRPA1 and the composition shift to TRPA1-D
isoform are two key events aiding the adaptation to ITC-producing plants in the ancestor
of the S. flava lineage (Fig. 6). Our own data lack information regarding when exactly
TRPA1 got sensitized against chemical agonists, but taking into account relatively
higher sensitivities in D. virillis and D. mojavensis TRPA1s than DMTRPA1 (Kang et al.
2010), it is reasonable to infer that TRPA1 became sensitized at the ancestral node of
the virilis/grimshawi/Scaptomyza clade to electrophiles (presumably to compensate the
reduction TrpAT-expressing neurons and maintain high aversion to electrophilic toxins),
and then desensitized to electrophiles in the flava linage to adapt to their
mustard-feeding life cycle (Fig. 6). Still, our taxon sampling in this study is minimal,
rendering it difficult to track the evolutionary changes of TRPA1 precisely. For example,
the mustard-feeding Scaptomyza lineage diverged from another herbivorous lineage
that specializes in non-ITC-producing plants like S. graminum, primarily feeding on the
pink family, Caryophyllaceae (Katoh et al. 2017), and it remains an open question
whether the molecular evolution of TRPA1 corresponds to the mustard colonization or
at the base of the entire herbivorous lineage (as a pre-adaptation to mustards). Future
studies will need to cover wider taxonomic ranges to draw a better picture of how a
single ion channel gene has been intertwined with dietary evolution of this ecologically
diverse fly lineage.
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Figure 6. A model scenario of molecular evolution of TRPA1.

Conclusion

The genetic changes underlying the evolution of novel behavioral traits remain elusive.
In this chapter, we addressed this question with a mustard-plant specialist fly species,
Scaptomyza flava, and its two microbe-feeding relatives, Scaptomyza pallida and
Drosophila melanogaster, by comparing the functional properties of the TrpA7 gene,
which encodes a chemosensory ion channel detecting mustard-derived toxins,
isothiocyanates (ITCs). Our comprehensive analyses revealed that the overall reduction
of chemical sensitivity of TRPA1 channel and the enriched expression of less active
TRPAT1 isoforms occurred at the lineage leading to S. flava, indicating that attenuated
aversion to ITCs indeed contributed to the colonization to the mustard plants. However,
the distantly-related D. melanogaster showed even weaker chemical sensitivity of
TRPA1 channel, despite the strong aversion to ITCs at the behavioral level. This
discrepancy could be explained by the relatively higher TrpAT expression and the
increased number of TrpA7-positive gustatory neurons in D. melanogaster, which might
together compensate for the weak activity of the TRPA1 channel. Taken together, our
integrative approaches illuminated the multiple molecular mechanisms of the TRPA1
channel’s contribution on the gustatory evolution in the mustard-feeding S. flava, and
highlighted the importance of broad taxon sampling to capture the evolutionary
dynamics of a gene function underlying behavioral traits.
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Concluding remarks

My dissertation work aimed to uncover the genetic underpinnings of chemosensory
evolution behind the dramatic niche shift in the mustard-feeding Scaptomyza flava.
Based on interspecific comparison between S. flava and its microbe-feeding relatives (S.
pallida or D. melanogaster), | took two complementary approaches - transcriptome
analyses on the major chemosensory gene families (Chapter 2) and targeted
investigations on a receptor gene using multiple experimental tools as a model case
(Chapter 3) - to comprehensively capture molecular changes driving the sensory
evolution in S. flava. These two approaches successfully identified new candidate genes
and/or potential molecular mechanisms, such as the receptor desensitization and the
modification of isoform composition, which have potentially driven the chemosensory
adaptation to the mustard plants. Particularly, Chapter 3 highlighted the importance of
integrative experimental approaches to fully capture the molecular evolution behind
adaptive traits. In summary, these work together laid out a solid foundation for future
functional validations using genome editing or comprehensive receptor deorphanization
techniques, which will further dissect the genetic architecture of the behavioral
evolution in this charismatic herbivorous species.
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